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Abstract 
Grubbing and grazing by increasing numbers of lesser snow geese (Anser caerulescens 
caerulescens) have led to loss of vegetation and soil degradation in salt marshes and on 
beach ridges. These changes have had a deleterious effect on the soil seed bank by 
reducing density of seeds and shifting the composition from species present prior to the 
disturbance to invasive species. In the salt marsh, more recently degraded plots had 
greater revegetation potential from the remaining seed bank than plots where loss of 
vegetation was of long standing. Seed banks in beach-ridge soils were less affected by 
degradation due to the greater proportion of weedy species present in the original 
vegetation. Studies of the seed and vegetation dynamics in the supratidal marsh indicated 
that while there were no systematic differences between the seed rain in undamaged and 
degraded sites, degradation processes constrain recruitment at the entrapment, 
germination and establishment stages. 
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Chapter One: Introduction 
1.1 Opening Statement 
Modes of regeneration and growth of plants cm be organized according to generalized 
groups of morphological, physiological or phenological traits that Vary predictably dong 
environmental gradients and influence species-richness in plant communities (Gmbb 
1977). These modes of regeneration are tenned "strategies" (sensu Grime 1977, Shipley 
et al. 1989). in a review of Life-history strategies, Southwood (1988) recognized three 
gradients that shape the species composition of communities: axes of disturbance and 
adversity, and a biotic interactions axis that is predicted to increase as the intensity of the 
first two axes decreases. Disturbance is associated with the partial or total destruction of 
the plant biomass and the adversity or stress axis refers to conditions that restrict biomass 
production (Grime 1977). 
In Grime's classification (1979). where the strategies of adult and juveniles stages 
of plants are separated, the responses of mature plants to environmental and biotic 
gradients correspond approximateiy to ruderal, stress-toierator and cornpetitor strategies 
respectively. Ruderals are favoured during conditions of low stress and high disturbance, 
stress-toleraton are selected when conditions of high stress and low disturbance prevail 
and cornpetitors dominate the vegetation when both stress and disturbance are low. 
These three strategies are thought to represent evolutionary extremes and the life-history 
strategies of most plant species represent compromises between conflicting seiection 
pressures. It is important to note that no viable strategies are predicted for habitats where 
both stress and disturbance are high. 
Grime (1979) identified five methods of regeneration: spread through vegetative 
(clonai) expansion. xasonal cepneration of vegetation gaps rhrough transient seed 
banks, persistent seed banks, production of numerous wind-dispersed seeds and persistent 
long-lived seecilings. As juvenile stages can rarely exert cornpetitive pressure on 
established plants, these five methods of regeneration are linked to strategies involving 
escape from suppression by established vegetation in time or space (persistent seed bank. 
wide-spread dispersal and seasond regeneration) and toleration of stress through 
ph y siological means (vegetative expansion. persistent seed banks and persistent 
seedlings) (Shipley et al. 1989). Trade-offs in life-history traits have been predicted 
between adult longevity and the seed regeneration capacity of species over tirne (seed 
bank) and space (seed dispersal) and these are summarized in Figure 1 and Tabk I (van 
Groenendael et al. 1998). 
Table 1. Three hypotheticd combinations of lifecycle traits represented by groups A to 
C. Each combination represents one corner of the triangular diagram of Fig. 1, by 
reading this diagra.cn counter-clockwise. As the value of one of three traits is detennined 
by the way the diagram is read. these values are placed between brackets (rnodified from 
van Groenendael et al. 1998) 
- - -- 
Trait A B C 
Seed longevity Long >5 years Short c5 years (Short <5 y e m )  
Adult (genet) (Short 4 years) Long >5 years Short <5 years 
longevity 
Distance of dispersai Close to adult (Close to adult) Far from adult 
Breeding system Selfing Outcrossing (wind) Outcrossing 
(insec t) 
There may be more than one viable evolutionary response to an environmental 
challenge (Southwood 1988). Ellner (1987) explored two alternative strategies to 
randomly varying environments that he cailed "high risk" and "low risk." These two 
Long Short 
Figure 1. Hypothetical tradt-offs between seed longevity, dispersal capacity and adult 
longevity. Letters refer to combinations of life-cycle traits as presented in Table 1. 
Modified fiom van Groenendael et al. (1998). 
strategies are very similar to an independent classification of "spenders" and b'savers" 
based on studies of chalk grassland forbs in the Netherlands (reviewed by During et al. 
1985). In these classifications, environmental variability is characterized by an 
intermittent, unpredictable stress or disturbance that reduces the performance of al1 
species. "High risk" and "spender" strategists gamble on future conditions king 
favourable and reap large benefits when such scenarios occur. "Low risk" and "saver" 
species employ an alternate, more cautious strategy where they are ôetter equipped to 
toierate stress but are inferior in performance to "high risk" and "spender" species when 
conditions are favourable for plant growth. Altemate strategies allow for CO-existence of 
species under similar disturbance and stress regimes. 
The regeneration strategies of plants in communities are shaped by patterns of 
disturbance and stress they have been subjected to in the past, which act as selection 
forces over evolutionary time. Human dominion of the earth's ecosystems has instigated 
changes of the processes associated with these gradients on very large scales and at 
greatly accelerated rates (Vitousek et al. 1997). The ability of natural regeneration 
processes of plants to restore degraded areas, brought about by anthropogenic 
intervention, is not well documented and the accelerated rates of change appear to exceed 
the capacity of the regeneration processes to cope. 
1.2 Formation of soil seed banks in relation to gradients of disturbance and stiess 
Thompson (1978) asserted that two broad theoretical considerations are significant in 
discussion of the density and distribution of soil seed banks: gradients of disturbance and 
gradients of stress. When disturbance is severe and frequent, plants are expected to 
iwest a high proportion of their resources in reproductive effort in order to survive the 
disturbance. Seeds buned in the soil provide a source of regeneration in situ. which rnay 
confer an advantage following a disturbance event. However. the maintenance of high 
densities of buried seeds can be quite costly as seeds have high mortality €mm a variety 
of causes (Rees 1997). As a consequence, the formation of large soil seed banks is a 
viable strategy only when selection for buried seeds is very strong, due to high rates of 
disturbance or when production is suficient to support a high reproductive effort. as 
occurs under Iow stress conditions. In summary, the density of burieci viable seeds is 
predicted to be positively correlated with distuhance and negatively correlated with 
stress (sensu Grime 1977). 
These two gradients are often negatively correlated with each other. However, as 
mentioned above, difficulties arise when disturbance intensity and frequency increase in 
tandem with increments of stress on plants as no viable plant strategy is possible when 
both disturbance and stress are high. When in a dormant state, some seeds may survive 
for longer periods under regimes of high stress and high disturbance than their adult 
counterparts. In a review on the practical use of dispersdes in restoration, Strykstra et al. 
(1998) pointed out that the initiai seed population becomes gradually depleted, as seeds 
succumb to unsuccessful germination. predation, decay or aging, after the extinction of a 
plant population. Asymptotic models can be used to mode1 seed bank decline but it is 
difficult to predict survival chances for the tail of the distribution. which represents those 
seeds that survive the longest, as factors influencing survival in eariier periods rnay be 
different from those influencing later periods. Density of the seeds stoted in the soil is 
strongly influenced by the tirne eIapsed since the onset of unfavourable circumstances 
(Bekker et al. 1997). the potential longevity of the seeds which is determined by 
physiology, and the effects of environmental and biotic factors on the preservation and 
retention of the seeds. Species-specific traits related to potential longevity of seeds 
include type of seed dormancy, structure of seed coat, defence compounds (Hendry et al. 
1994). amount and type of seed reserves, and efficiency of basic metabolism (Hendry 
1993) (as reviewed by Bekker 1998). Environmental factors shown to affect survival in 
the soil include nutrient status, oxygen availability, moisture, temperature fluctuations 
and pH (Villiers 1972, Baskin & Baskin 1989. Karssen & Hilhorst 1992). For example, 
soil moisture was shown to differentially affect the survival of seeds depending upon 
whether the species were usually found in wet or dry grasslands (Bekker et al. 1998a). 
Opportunities to directly estimate the longevity of seeds found in naturally buried 
populations arise only under certain circurnstances. These include instances where 1) the 
last time 2 species grew on a site can be ascertained with moderate accuracy, such as 
weed seeds buried under fonnerly arable lands and shade-intolerant species buried under 
woodlands or plantations of known age, 2) seeds were buried beneath volcanic ash 
(Whittaker et al. 1995) or buildings of bown age (Odum 1965) and 3) where fresh seed 
input was inhibited through closecutting or the use of herbicides (as reviewed by Bakker 
et al. 1996a and Baskin & Baskin 1998). Buriai experiments have k e n  used to estimate 
seed longevity of different species but their results must be interpreted with caution as 
they bypass natural burial mechanisrns and are therefore vulnerable to overestimation 
errors (Bakker et al. 1996a). 
In many cases, indirect sources of evidence, such as burial depth, rnust be used to 
estimate longevity. The abundant evidence that more deeply buried seeds tend to be 
older than seeds in shailow depths allows the ratio of the deeply buried seeds to seeds 
found in shallow depths to be used as an index of longevity (Thompson et d 1997, 
Bekker et ai. 1 W8b). However, disaepancies cm ocair (Poschlod 1993, as reviewed in 
Thompson et al. 1997), perhaps partly due to the Pctivities of earthwormo (Willems & 
Huijsmans 1994). Thompson et uf. (1997) developed a dichotomous key to classify seed 
bank types (transient, short- tm persistent, long-terni persistent) using both direct and 
indirect evidence (Fig. 2) that includes seed depth. 
1.2.1 Whrt W the cffkt of  disturbance on the soi1 seed bmk? 
Tests of predictions of the density of buried seeds dong disturbance gradients have 
yielded generally negative results. Highl y disturbed sites were found to  have greater 
densities of buried seed in high Arctic sites on Eliesmere Island than thor in less 
distwbed sites (Freedman et ai. 1982). Very large soi1 seed banks were found in some 
disturbed costal sub-Arctic ecosystems on Hudson Bay (Staniforth et al. 2998) but 
cornparisons were not made with comparable undisturbed sites. In contrast, increased 
grazing intensity (Kinucan & Srneins 1992, Ungar & Woodeil 1996, Jutila 1998). 
increased intensity of cryoturbation (Ebemle 1989). the incidence of £ire and drawdown 
in a marsh (Smith & Kadlec 1985). experimental increase in numba of disturbance 
factors (Ingersoll & Wilson 1990), hurnan disturbance (Wisheu & Keddy 1991) and 
various disturbance regimes (Fox 1983, Pierce & Cowling 1991, Chamben 1993. M c G a  
& Feller 1993) al1 failed to result in an increase in the density of seeds stored in the soil. 
Figure 2. A dichotomous key to ihree secd bank types determincd by using direct 
evidence and depth distribution; transient (4 year), short-tcrm persistent (d yean) and 
long-tem persistent (>5 years). Modified from Thompson et d. (1997). 
The relationship between disturbance and density of accumulated seeds is a 
complex one and can be influenced by a number of factors, that both directly and 
indirectly involve the life-history strategies of plants. Disturbance ngimes can affect the 
relative abundance of seeds in the seed bank of different species with different life- 
history strategies. In salt-rnarsh communities in South Waies, the soil seed banks of sites 
heavily grazed by sheep only consisted of two annuals (Ungar & Woodell 1996). Sites 
subjected to heavy, continuous grazing in a semi-arid grassiand in Texas had a high 
proportion of early-seral. dicotyledonous annuals in the seed bank, while ungrazed sites 
had a high proportion of late-seral, monocotyledonous perenniais (Kinucan & Smeins 
1992). Generaily, early-successional annuais (ruderais) tend to produce greater numben 
of seeds than later-successionai perennials (Grime 1979) and a shift in species abundance 
towards the fmt  group is a possible influence on the overall density of buried seeds. 
The greatest number of different plant strategies may be evident at intermediate 
levels of disturbance dong an arbi~ary scale of increasing disturbance. In Mediterranean 
pastures subjected to mechanical disturbance (Levassor et al. 19%) and grazed salt 
marshes on the Gower Peninsula in Waies (Ungar & Woodell 1996). sites with apparent 
intermediate levels of disturbance had the highest species richness, consistent with 
Connell's intermediate disturbance hypothesis (1978). At high kvels of disturbance. the 
numbers of species convibuting to the soil seed bank decreased sharply. 
Persistence of seeds has been predicted to be greater in disturbed habitats than in 
"stable" (undisturbed) habitats. According to bet-hedging models, natural selection 
should favour species in which only a fraction of its yearly output of seeds germinates 
immediately in variable habitats (Venable & Brown 1988, Rees 1993) as diversified 
germination behaviour spreads out the risk in unpredictable habitats (Haig & Westoby 
1 988). A study using a recently published database of the soi1 seed banks of north West 
Europe (Thompson et al. 1997) pmvided evidence in support of this prediction on a 
broad geographic scale for north-western Europe. as gradients of habitat disturbance were 
accompanied by predictable changes in seed persistence (Thompson et al. 1998). in 
some studies, density of seeds is. in part, related to the longevity of seed banks. 
The prediction of positive correlation between disturbance and density of buried 
seeds was fomulated using a mode1 of plant strategies in relation to  an environmental 
gradient (Thompson 1978). Life-history strategies of plants are very useful in predicting 
the properties of soi1 seed banks in relation to gradients of disturbance, but prhaps 
Thompson's original hypotheses (1978) oversimplified the relationship. More recent 
papers published in this decade tend to concentrate on issues of longevity of seeds 
(Thompson et ai. 1 998). coupling between the existing vegetation and the characteristics 
of  the seed bank (Looney & Gibson 1995, Ungar & Woodell 1996) and seed bank 
dynamics (Levassor et al. 1990. Chambers 1993) in relation to disturbance, including 
predation and disease, rather than density per se. 
1.2.2 What is the effect of stress on the soi1 seed bank? 
Southwood (1988) identified Grime's (1977) axis of stress variously with "severity of the 
environment" (Reichie et al. 1975), "habitat (un)favourableness" (Southwood 1988, 
GreensIade 1983). 'bproductivity" (Hildrew & Townsend 1987), "growth rate" (Sibly & 
Calow 1 985), "abiotic stress" (Welden & Slauson 1986) and "resource lever* 
(Southwood 1988, Wiggins et al. 1980). Numerous sources and types of stress exist but 
only stress associated with low temperature and higb saiinity will be considered here as 
they relate to this particular study. 
In his review, Thompson (1978) predicted declines in the density of seeds buried 
in the soi1 with increasing latitude (Johnson 1975) and altitude (Milton 1939) due to 
stress arising from low temperatures and short growing seasons. In a review on arctic and 
alpine systems, McGraw & Vavrek (1989) did not observe a poleward decrease in the 
density of soil seed banks in tundra comrnunities. Seven studies (Freedrnan et al. 1982, 
Fox 1983, Archibold 1984, McGraw 1980, Gartner et al. 1983, Roach 1 983, Leck 1980) 
covering 18 sites were reviewed and in some. seed densities comparable to those found in 
temperate systems were reported. However, Fox (1983) observed an increase in soil seed 
bank size that was correlated with increases in cmnt-year above-groünd biomass. Low 
temperatures enforce domancy on seeds stores in the soil. However. cold stratification 
results in germination of seeds at Iow temperatures (-5°C) for many Arctic species 
(Gartner 1983). 
A considerable arnount of research has been conducted on the effects of salinity 
on plants by both ecologists and physiologists (Adam 1990, Packham & Willis 1997). 
Most seeds of halophytes exhibit physiological dormancy (Baskin & Baskin 1998) which 
c m  become enforced when seeds are exposed to saline environments (reviewed by Ungar 
1978). AU vascular species studied display both a delay in germination and reductions in 
the percentage of gerrninated seeds as salinity increased beyond the level "optimal" for 
the species. However, halophytes differ from glycophytes in that they are able to remain 
dormant under highly saline conditions and recover w k n  the salinity is reduced (Ungar 
1978. Woodell 1985, Ungar 199 1, Keiffer & Ungar 1997) suggesting that they are 
inhibited by osmotic stress rather than specific ion toxicity under saline conditions 
(Ungar 1978). 
Although the efiects of salinity on plant growth, seed germination (Ungar 1978, 
Woodell 1985, Keiffer & Ungar 1997) and seedling recruitrnent (Shumway & Bertness 
1992) have been studied, few investigations have considered the effect of salt per se on 
soi1 seed bank formation and size. The size of seed reserves found in salt rnarshes has 
k e n  shown to be extremely variable (700 seeds ni2 in Hopkins & Parker 1984; 936 to 15 
604 seeds m'2 in Ungar & Woodeli 1996; 699 to 39 204 seeds m'2 in Staniforth et al. 
1998). Most of the species of seed found in these systems were halophytes. Halophytes 
can be defined as plants that are able to complete their life cycles in a saline environment 
(Fiowers et al. 1986, Adam 1990), that includes flowering and producing seeds (Baskin 
& Baskin 1998). Al1 plants mach the limits of their tolerance at some sdinity and even 
most halophytes would be inhibited by the extreme levels of soil salinity recorded in the 
salt marshes of La Pérouse Bay, Manitoba (up to - l2Og of solutes per litre in the soil 
solution, i.e. 4x the salinity of oceanic sea water). 
1.3 Vegetation loss and soü degradation processes at La Pérouse Bay in relation to 
seed bank dynamics 
1.3.1 Site and vegetation description 
La Pérouse Bay (58"44W, 94O28'W) is located 32 km east of Churchill, Manitoba, on the 
Coast of the Hudson Bay lowlands. Due to fieshwater inflow from rivets, shallow coastal 
waten have relatively low salinity (c. 4g of dissolved salts 1") compared to deeper waten 
of the Bay (30-338 1-') (Jefféries et ui. 1979). C o d  regions of the l o w l d s  derive theü 
salts fiom underlying fluvio-marine deposits of the postglacial Tyrell Seo in which the 
pore water salinity is 21-25g 1-' (Pria & Woo 1988a,b). High t i d a  at the approach of 
autumnal equinox and meltwater in spring flush the surface seciiments of saits in 
intertidal and supratidal salt marshes (Jeffixies et d- 1 979, Price and Woo 1 988b, 
Iacobelli & Jefferies 199 1). Due to impeded drainage and the low salinity of tidal waters, 
an inverse saiinity gradient exists in these coastpl marshes with highest soi1 salinities 
recordeci landward fiom the coast in the upper levels of the intertidal marsh or in the 
supratidal marsh beyond the high-water mark of  spring tides (Jefferies et al. 1979). The 
supratidai marshes are f l d e d  with tidal water about twice every three years. 
Permafkost is continuous in the Churchill region (Rouse et al. 1997) and, in these 
coastal salt marshes, it is found at d e p h  of 25-30cm below the d a c e  in mid-summer 
(Wilson & J e f i e s  19%). The soils of interiidal and supratidal marshes are regosolic 
static cryosols (Canadian Soi1 Classification System, Agriculture Canada 1987) 
characterized by a gley mineral horizon (Cg) and a surface Ah horizon that is very 
shallow close to the coast (Wilson & Jefferies 19%). 
Isostatic uplift, at an estimateci rate of 0.5cm to 1.2cm per year (Andrews 1973), 
exposes coastal flats in the region. The intertidal flats, where undamageci, are wvered 
with a graminoid sward wnsisting of PuccineIïia p.VgQllOdes and Carex subspthacea 
(Fig. 3: A) (nomenclature follows Cody 1996). Associateci diwtyledoaous species 
include PotentiIla egedii, P h t a g o  maritima, Ranul~r~lus c y m w u  and Stellaria 
hum~firsu. As ~ n a s  becorne increasingly saiine associated with loss of vegetation brought 
about by goose foraging (see below), Wconiia borepls and Senecio congestus invade 
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Figure 3. Map of La Pérouse Bay and the CO& zone, the position of which is indicated 
by an arrow on the Hudson Bay coast on the inset map. 4 intertidal or secondary inland 
salt marshes; B, willow-grassland supratidal marsh; C, beach-ridge vegetation including 
Leymt~s rnoffis; D, ta11 willow species; E, tieshwater sedge meadows. Modified with 
permission fiom Jano et al. (1998). 
degraded Puccinelfia-Carex swards. In the supratjdal marsh. grassland (Fig. 3: B) is 
present on land raised by isostatic uplift and frost-heave action and the vegetation 
consists of low shnibs, Salk brachycarpa and Salîx myrtillifolia, and two caespitose 
grasses, Calamagrostis deschampsioides and Festuca rubra. Even in these marshes, S. 
borealis establishes where there has been a loss of vegetation and erosion of surface 
organic material. A beach ridge extends dong the western coast of the Bay for almost 
3km. The extensive stands of Leymus mollis that formerly grew on the ridge and 
associated sand areas have ail but disappeared due to intense shoot-pulling by geese (Fig. 
3: C). Tall willow (Fig. 3: D) and fresh-water sedge communities (Fig. 3: E) also occur 
in riparian areas and in freshwater sedge meadows iniand from the coast. General 
descriptions and locations of these communities are given in Jefferies et al. (1979) md 
Jano et al. ( 1998). 
1.3.2 Effect of 1-r snow geese on the vegetation and on edaphic conditions 
in cosstal rnarshes 
Records show that the mid-continent population of lesser snow geese (Anser 
caerulescens caerulescens) that breeds around the shores of Hudson and James Bays, on 
Baffin Island and in Queen Maud Gulf (Abraham et al. 1996) has k e n  increasing for the 
last three decades at about 5% to 7% per annum. The mid winter index (not an absolute 
count) rose from 0.8 million geese in 1969 to 2.7 million in 1995 (Mississippi and 
Central Flyway Councils, unpublished data). The breeding colony at La Pérouse Bay has 
ken increasing exponentially at the rate of 7% per annum fkom 1300 breeding pairs in 
1968 to 22,500 pairs in 1990 (Cmke et al. 1995). In 1994, the population was estimated 
at 44,500 pairs (Abraham, K.F., Ross, K. & Rockwell, R.F., unpublished aerial survey). 
The population growth has been linked to nutrient subsidies gained in agricultural areas 
adjacent to wintering grounds and dong migration routes, decreases in hunting pressure 
and creation of winter refùgia (Abraham et al. 1996). The increasing numbers of geese 
have led to substantial changes in the spatial and temporal scales of disturbance 
associated with foraging by lesser snow geese on the coastal breeding grounds around the 
Hudson Bay and elsewhere. 
The frequencies of many dicotyledonous species of the intertidal and supratidal 
marshes decline in response to gtazing by geese. Removai of geese from salt-marsh 
vegetation based on exclosures resulted in higher numbers of dicotyledonous species 
(Bazely & Jefferies 1986). Consumption of apical menstems, stolons and flowers by 
geese leads to little regrowth or successful reproductive effort in these plants, which are 
less tolerant of grazing than the main forage graminoid species, P. phryganodes and C. 
subspathacea, that possess basal meristems (Sadul 1987). 
However, bare patches are generated in graminoid swards as geese gnib for mots 
and rhizomes in early spring before the growth of above-ground vegetation. Continued 
stripping of turf by increasing numbers of geese leads to destruction of the vegetation 
through a self-ampliQing positive feedback between decreases in biomass and increases 
in soil salinity (Srivastava & Jefferies 1996). Removal of live vegetation and the 
insulating layer of litter by geese, accompanied by increased soil surface temperatures 
and increased rates of evapotranspiration, leads to the upward movement of fossil sd ts  in 
the soil column and their accumulation at the soil surface. Hypersaline conditions 
inimical to plant regeneration result once the layer of vegetation has been removed or 
dies. Where vegetation has been lost h m  a site, soil erosion increases substantiaily. 
Anificial grubbing in supratidal wiiiow-grasslands led to the death of Salk stands within 
two years (Iacobelli & Jefferies 199 1). On nearby beach ridges, loss of soil moisture and 
organic litter, erosion of soil and exposure of surface mineral tayers has accompanied 
pulling of lyme grass (ïeymus mollis) shoots by  geese. Thus, abiotic stress on plants is 
linked to biotic disturbances in these systems and these two processes are closely 
coupled. 
The increase in the intensity, periodicity and spatial scale of disturbance by geese, 
which is linked to changes in edaphic conditions, has triggered the conversion of tracts of 
salt-marsh vegetation into mud flats, largely devoid of vegetation. Other coastal habitats, 
such as beach ndges and fresh water sedge meadows, have also suffered similar losses in 
standing crop and exposure of underlying substrates (Kotanen & Jefferies 1997, Jano et 
al. 1998). The loss of vegetation and soil degradation has been documented at a 
landscape level in aerial surveys (Kerbes et al. 1990, Abraham & Jefferies 1996) and 
from remote sensing imagery (Jano et al. 1998). 
1.4 Seed and vegetation dynamics: availability of diaspores vs. "safe sites" 
In order to feasibly assess revegetation potential in a system, the processes governing 
production of dispersal units by vegetation and their recruitment into the vegetation must 
be documented. In this way, factors that influence processes that, in tum, constrain 
regeneration processes can be identified. 
S a d  banks are much more dynamic than they are often portrayed (Chambers & 
MacMahon 1994). Since the development of quantitative models portraying the 
formation, persistence and depletion of soil seed banks (Schafer & Chilcote 1969, 
Roberts 1972), scientists have been gathering data to incorporate into these models 
(Baskin & Baskin 1998). A graphical reprexntation of a general mode1 of seed bank and 
vegetation dynamics is given in Figure 4 (modified from Simpson et al. 1989). 
Vegetatioa is ultimately propagated either thugh vegetative means or through seed 
sources. Mechanism of vegetative propagation include those where offspring remain 
attached to the parent (tillering) and those where plant fragments or special units 
(vivipary) are able to disperse away from the parent. The seed rain detennines seed 
input, and withïn communities, this is composed mostly of local production although 
long-distance dispersal may also be important. The effects of seed predation, which can 
occur before or after dispersal, has k e n  much studied in relation to phenornena such as 
seed masting (Silvertown 1980, Waller 1993) and the shapes of seed shadows. The 
survival of seeds in the seed bank has been linked to probability of burial and the 
associated probabili ty of escape from predators (Thompson 1987). The e ffect of 
granivory on soil seed banks is reviewed by b u d a  (1989). Other sources of loss from 
the seed bank include failed germination, physiological death, pathogens, deep burial and 
redispersal. The effect of fungi and parhogens on soil seed banks (Cnst & Friese 1993). 
and the vertical movement of seeds due to the activities of earthworms (Grace 1984, 
Willems & Huijsmans 1994), mammals (Gaudet 1977, McGraw 1987), cracks which 
form dunng drying (Gunther et al. 1984) and percolaîion (McGraw 1987) have been less 
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Figure 4. Generai mode1 of seed byik and vegetaîion dynamics. Modified from 
Simpson et al. (1989). 
studied (McGraw 1987, Leck & Simpson 1987) than other aspects of seed bank 
d ynarnics. 
Seed bank dynamics are heaviiy influenced by the movement of seeds through aii 
the stages as shown in Figure 4. Morphological characters such as seed size and shape 
have been linked to various aspects of seed ecology such as predation risk, dispersability, 
landing, seedling establishment, burial and persistence (Harper et al. 1970, Peart 1984, 
Thompson 1987, Thompson et al. 1993, Bekker et al. 1998b). In summary, larger seeds 
are predicted generally to suffer greater predation risk, to disperse shorter distances, to 
produce more competitive seedlings, to be Iess likely buried and to have shorter longevity 
than smaller seeds. 
Every stage shown in the mode1 interacts with biotic and abiotic elements of the 
habitat where these dispersal and establishment processes are occumng. As Gmbb 
asserted in his description of the "regeneration niche" (1977), the interface between the 
vegetation processes and character of the microsites available for colonization (Table 2) 
leads to aimost lirnitless possibilities for interactions. At La Pérouse Bay, the disturbance 
generated by geese and accompanying abiotic stress c m  act as constraints at many stages 
of the regeneration process following loss of vegetation. Sustained grazing may have a 
detrimental effect on seed production (Bertness & Ellison 1987, Mulder & Hannsen 
1995) as flowering and fniiting are much higher in sites protected from gwse  grazing for 
most species (Bazely & Jefferies 1986). This may, in turn, have a negative effect on seed 
numbers and the species composition of the seed min. For instance, C. subspathacea 
spreads chiefly by rhizomes as it is rarely seen in flower outside of exclosures. The loss 
of vegetation and litter can alter the seed-trapping capabilities of a site in this often 
windy, seasonaily flooded environment. Soi1 erosion may lead to loss of seeds from the 
soil as most seeds are stored close to the surface. Finaily, hypersaline soils can be 
detrimental to both the germination of seeds (Ungar 1978. Woodell 1985, Keiffer & 
Ungar 1997) and establishment of seedlings (Shumway & Bertness 1992). 
TabIe 2. Processes involved in the successful invasion of a gap by a given plant species 
and characters of the gaps that may be important. Modifieci from Gmbb (1977). 
Production of viable seed Time of formation 
FIowering Size and shape 
Pollination Orientation 
Setting of seed Nature of soi1 surface 
Dispersal of seed Litter present 
Through space Other plants present 
Through time Animals present 
Germination Fungi, bacteria and vinises present 
Establishment 
Onward growth 
Further complications arise when one considers that both biotic and abiotic 
factors which may make a habitat suitable for seed storage in the seed bank may provide 
a less than ideal setting for seedling establishment (Schupp 1995), resulting in conflicting 
selection pressures for seeds and seedlings. A classic example concems seed size. Small 
seed size allows for greater dispersability and thus, greater probability of escape from 
predators but small seeds also contain less reserves leading to, at least in theory, less 
cornpetitive seedlings at the gemiination-establishment stages. In an alpine habitat in 
Montana. the soil particle sizes that produced highest entrapment and retention also led to 
little or no emergence for most species (Chambers 1995a). At La Pérouse Bay. highest 
entrapment and retention of seeds occur in undisturbed habitats. but establishment is 
subject to potential competi tion from adult plants. 
1.5 Seeà bank dynamics and rovegetrrtion at La Pérouse Bay 
The salt-rnarsh vegetation at La Pérouse Bay, before the onslaught of current soil 
degradation processes, consisted largely of perennial vegetation. The two dominant 
graminoids, P. phtyganodes and C. subspathucea, propagate mainly through stolons and 
rhizomes respectively. Both arc also capable of generating adult plants from the dispersai 
of plant fragments (Chou et al. 1992). In addition, P. phyrgmodes is a sterile triploid 
and has never k e n  known to set seed (Bowden 1961) and, as mentioned above, C. 
subspathacea rarely sets seed outside of exclosures due to the heavy grazing pressure 
exerted by geese. Dicotyledonous plants found commonly in undamaged sites, such as 
the s toloni ferous species, Potentillu egedii and Sfellaria humifusa, also spread throug h 
clona1 growth. The general stress of low temperatures, short growing season and high 
soil saiinity appear to select for a regeneration strategy based on clonal propagation. In 
contrast to the intertidal and supratidal vegetation, the vegetation of the undamaged beach 
ridge is much more ruderal in composition (greater frequencies of Matricaria ambigua. 
Atriplex patula and Stellaria longipes) with the exception of the dominant species, 
k y m u s  mollis. The "weediness" of the plants may be Iinked to greater abiotic 
disturbance (wave-action, wind shear) and an unstable, sandy substrate. 
In a degraded landscape, revegetation by clonal growth is expected to be very 
slow and difficult due to the very shon range of dispersal mechanisms of clonal spread 
and the short survival period of plant fragments when no suitable microsites are available. 
However, a vegetative "template" of graminoids may be necessary in order for 
subsequent plant development, as many of the dicotyledonous species found in the 
original vegetation do not establish dùoctly on ban mineral soils and the pnmary 
colonizm in these salt marshes are the two dominant forage species. A study of the 
revegetation potential of the two dominant gruninoids, P. phryg&s and 
mb~pathacea, at La Pérouse Bay indicated that P. phryg@s was able to establish 
unassisteci on bare sediments in the intertidal sait marsh at sites whae geese had been 
excluded since 1992 (Handa 1998). No revegetation, assisted or othenvise, wss possible 
in the inland salt rnarshes. Once established, P. phgg&s can act as a "nurse" plant 
and trap seed and vegetative fragments fkom the strand line, seeâ rain and snow melt. 
The "template" of P. phtygmmks lowers the soi1 ralinity considerably and provides a 
more hospitable environmental for establishment. 
The pnmary objectives in this study were to  examine the relationship between the 
vegetation and soi1 seed bank, and the mechanisms underlying this relationship in the 
context of a northern salt marsh. The secondary objective, to determine revegetation 
potential, can be fùlfilled as a corollary to the observation of how regenmation processes 
of plant cornmunities subject to high leveis of stress respond when additionally exposed 
to high levels of disturbance. 
When considering the role of seed banks in revegetation, "success" is linked to (1) 
the presence of prefmed or required species in the seed ba& (2) the absence of 
unwanted 'keedy" species in the seed bank and (3) the creation and maintenance of 
habitat conditions suitable for prefarrd species (van der Valk & Pederson 1989). In this 
study, the magnitude and composition of seed banks at La Pérouse Bay w a e  determineci 
in relation to the effects of loss of vegetation and soi1 degradation on the size and 
composition of the soi1 seed bu* and its potentiai contribution to r e v e g d o n  (Chapter 
Three). The seed bank-vegetation dynamics and the environmental con~fraints posed by 
degradation at each stage are n<amined in Chapter Four. S e d  identification, which is 
necessary in hlfilling these objectives, can be an esoteric occupation. A muitiple-entry 
identification key based on morphologieal and ecological characters was developed using 
the DELTA system in orda to facilitate identification (Chapta Two). The 
morphological information wllected on seeds of different taxa was dso used to discuss 
possible links between the morphology and the ecology of seeds. 
Chapter Two: $eeà flora of La PCmuse Bay, Manitoba, Canada; 
a DELTA database of morphological and ecologkal charaeten 
2.1 Introduction 
The eniption of soi1 sced bank pubiications (CE Vyvey 1989% Vyvey 1989b, Thompson et 
al. 1997) in the last two decades indicates the growing interest in the role of diaspore 
dynamics in vegetation patterns and processes. Possible sources of plant propagules, 
which enable revegetation to occur where habitat destruction bas taken place, are of 
special interest (Bakker et ai- 19%a). W~th an increasing rate of anthropogenic habitat 
conversion on a global d e  (Dobson et ai. 1997), there is a need for toois with which to 
identify seeds and srnall f i t s  that might be suitable in revegetation schemes. However, 
regional seed floras are relatively scarce (Jensen 1998) and published seed keys may 
encornpass only a narrow taxonomie group or groups of econornic interest such as crops, 
weeds or forage spacies. in addition, binary keys can be difiicuit to use with seeds that 
have been stored in the soi1 since characters for identification are oflen arranged 
hierarchically and some properties such as colour, surface fatues of seed mats and 
attached appendages can quickiy change in the soi1 environment. A multiple entry key 
@olyclave) based on charactem eady distinguished under a compound light microscope 
can greatly facilitate the identification of potentidy luge numbers of seed samples. For 
sake of ease, the term, "seed," will be used to describe both tnie seeds and smaii, 
indehiscent bits. 
In studies of soi1 seed bank ecology, seed morphology has relevame b o n d  its 
application in identification. Morphological characters such as seed size and shape have 
been Iuiked to various pppects of seeû ecology such as predation ri&, dispersabihy, 
landing, seedling establishment, buriai and persistence (Harpa et al. 1970, Peart 1984, 
Thornpson 1987, Westoby et d 1990, Thompson et al. 1993, Westoby et al- 1996, 
Bekker et al. 1998b, Hodkinson et ai. 1998). The possible association of morphologicai 
traits with persistence is of particular interest in disturbed soils because persistent seeâ 
banks are important in determinhg the potential for revegetation at these sites. Hence, a 
database of morphologid and ecoiogical characters could serve as a valuable starting tool 
in studying these Ii. 
A study of the seed bank ecology of La Pérouse Bay, Manitoba was undertaken in 
May 1997 in order to explore the relationship between seed persistence and disturbance. 
Grubbing and grazing by increasing numbers of lesser snow geese (Anser caemiesçem 
caedescens) in the Hudson Bay lowlands have resulted in the conversion of coastal sait 
marsh into hypersaiine mud flaîs largely devoid of vegetation (Iacobelîi and Jeffenes 199 1 ,  
Srivastava and Jefferies 1996, Jano et al. 1998). The need to identirjr seeds found in the 
soil profile and surface seed traps in relation to possible revegetation schemes led to the 
development of a DELTA (DEscriptive Language for TAxonomy) database. 
The DELTA format is a versatile and effective twl for data storage and 
management of descriptive taxonornic data @OuWitz 1980) whiie the DELTA systern is an 
integrated set of programs based on the DELTA format. The DELTA fomüu is currently 
the standard for data exchange by the Taxonomic Databases Working Group and has bees~ 
used to describe organisms or biologicai materials as diverse as Wuses (Bosweil et al- 
l986), insects, corais, cn~staceans~ fish, fùngi (nirpne 1991). plant pollen (Very et ai- 
199 l ) ,  plants (Aiken et al. 1 9%, Aikm et al. 1997) and wood (de Pemia & Mina 199 l). 
Using the DELTA programs, data (text, measurements, charmer-states) in the DELTA 
fomat uui be converteci not only into binary keys, distance matrices and naturai language 
descriptions but also into multiple entry keys, permitthg the user to carry out an 
identification using characters in any order. Polyclave programs that use DELTA- 
formatted data include both wotkstation based ones like INTKEY (Daiiwitz et ai. 1995) 
and PANKEY (http://www.rbge.org.uk/ research/pankey. html) and WWW-based ones 
such as PoUyClave (http ://proci. library. utoronto.ca/polyclavepo html) and Navikey 
(http ://www. herbaria. harvard. eddcomputerIab1 web-keyshavikey/). 
Here we document the seed flora of La Pérouse Bay in the form of 1) a checklist 
and 2) an illustrateci DELTA database. The data are illustrated here with respect to 
selected characters and a muitivariate summary. The entire DELTA database can be 
accessed on the WWW. 
2.2 Materials and Methods 
2.2.1 Data and spccimen c o U d o n  
Soil sarnples for the ecological studies of the seed bank were collecteci largely in the salt 
marshes, which are the primary f d n g  grounds of lesser snow geese. Sampies were 
gathered ffom two long-term exclosures (exclosed fi-om goose grazing since 1982) and ten 
darnaged vegetation plots on the intertïdai Bats on the western coast of La Pérouse Bay, 
&om five undarnaged and five damaged paired vegetation plots on the eastem intddal 
section of the Bay, fiom twenty undamagecl and twenty damaged vegetation plots in the 
supratidai marsh and lady îkom two long-tam exclowins (exclosed fiom goose m g  
since 1984) and two darnaged vegetation plots paired with the exclosures in an inland salt 
marsh 3 km from the coast. Samphg for the soil d bank took place in the supratidal 
plots after spring melt ia Iune 1997 and in 0th- areas at the same time of year in 1998. 
At each plot, t m  soü wres (diameter of 6.7 cm and a depth of 6cm) were taken randomiy 
dong a one-metre transe*. The soil wres were then separateci into two layers and pooled 
withni layers resulting in approximately 1 litre of soi1 for each pooled laya sample. 
The size and characteristics of the soi1 seed bank were measured using a modifiai 
seedling emergeme technique (ter Hardt  et ai. 1996) but the residual soi1 was sorted by 
hand under a microscope to ident@ viable seeds that did not g e d t e .  Surface seed 
traps (30 cm by 30 cm squares of artificiai lawn material) were used to sample the seed 
rain d u ~ g  the growing seasons of 1997 and 1998 and spring melt of 1998 and 1999 in 
the same plots used to sample for the seed bank in the supratidal rnarsh. Effort was made 
to coilect seed specimens for al1 species found in the different plant assemblages present in 
the vicinity of La Pérouse Bay due to the possibility of seed dispersal into salt-rnarsh 
areas. Greater details of the sampling design, and the seed bank and seed min data are 
given in Chapter 3, 
Seed specimens were haphazardly and opportunistidy sampleci from plants as 
close to tirne of dispersal as possible during the s u m e r  of 1997 (N=55 species) and 1998 
(N=5 species) at La Pérouse Bay. As rnany flowers fail to set seeci in the Arctic (Bliss 
1971 ), random sampling was not possible. When possible, specimens were gathered from 
difFerent individuais and Miren t  locations. They were air-dried in the field, transportecl 
back to the laboratory and sepmted corn puent material. For m y  species, an adequate 
number of specimens couM not be found in the field due to the followhg: 1) species were 
rare, occasional (See Table 3) or difficult to 6nd because of the extrandy s m d  stature of 
rnany species, 2) seed production wu low or irreguiar and muiy flowers failed to set seed 
as is cornmon in arctic systems (Bliss 1971) or 3) m g  and seed dispersai occumd d e r  
we left the site (iess Wrely). The database was augmenteci with seeds coilected from 
herbariurn samples at the Royal Ontario Museum Vascuiar Plant Herhium (TRT) (N=39 
species). A slide-mounted co11ection of the seed specimens, dong with plant voucha 
specimens, was deposited at TRT. 
2.2.2 Databast rad key dwdopment 
A database in the DELTA format wnsists minimally of three files: a specification 6ie 
(SPECS) describing character traits (e-g. number of characters, character types), a 
character file (CHARS) and a taxon description fle (ITEMS). Additionai text files (e.g. 
CIMAGES) can be used to sp.cify character illustrations or other Uiformation. 
Development of these files is greatiy fdtated by the DELTA-EXE editor (Zurcher 1999) 
and the program for image annotation, INTIMATEEXE. 
The DELTA program CONFOR converts the text mes refetred to above into 
binary fiies. The directive TOINT was used to produce two binas, files (ICHARS, 
IITEMS) for use in interactive identification. Natural language descriptions were 
generated from the CHARS and ITEMS files using the directive, TONAT. The distance 
matrix referred to below was generated using the directives fie, TODIS, and the program, 
DST.  
2.2.3 T u r  
A preluninary species list of the flowering plants of La Pérouse Bay (Table 3) was 
compiled by w d t i n g  Scott (1996), Johnson (1987) and Porsild & Cody (1980). Out of 
the 153 species on the List, data were collected fkom 102 species (Table 3) with better 
representation of dicotyledonous species wmpared with monocotyledonous species. 
Species absent fiom the specimen collection whose cbaracteer states could be scored by 
consulting the literature were also included in the database (Rubus chamraemonrs, 
Merternia mdtima and hncus baiticus). When possible, each collected species was 
defined as a separate taxon in the database since identification to the species level is 
important in seed ecology studies. The ecology of closely related species rnay be very 
different, as in the case of the halophyte, PotentiIh egedi, and its fiesh water relative, P. 
piustris. P. egedii is found in undamageci sait  marshes, whereas P. palwîr~s invades 
darnaged sedge meadows and is an indicator of disturbance. 
Table 3. Prelimuiary flowenng plant species checklist for La Pérouse Bay. Frequency of 
species was assessed subjectiveiy and includes five classes (dominant, abundant, fiequent, 
occasional, rare) with q u a w g  prefix "locally" as describeci in Kershaw & Looney 
(1985). Identification (I.D.) numbers were assigned for species contained in the database. 
Arctostqhyios spp., Hippuris spp., ( ia l ix  spp. & Steiellona spp. were ultimaîely wflapsed 
into genera in the database. Nomenclature foUows Cody (19%). If the species was not in 
Cody (1 996), then nomenclature follows Porsild & Cody (1980). 




1. Aiopecur~s aipinus J.E. Smith 
2.  Amerorchis rotundfoiia (Banks) Hultén rare 
3. Arctagrostrs htifioiia (R Br) Griseb. s.1. rare 
4. Arctophifb fiiw (Trin. ) Rupr. 
5 .  Cai~~~~~agros î i s  c&nsis (Michx.) Beauv. occasional 
6. &schpsioi&s Trin. 1 4 ~  
abundant 
7 .  smcta (Timm) Koeler ûequent 





8. Corex aquatilïs Wahlenb. 
canescem L. 
c q i I b i s  Love et al. 
consimilis Holm 




rmrora (Wahlenb.) Sm. 
sawtilis L. 
subspathacea Wormskj. 
19. vagimta Tausch 
20. CoraIlorhiza trifi& Chat. 
2 1 . Dupontiafiskrï R Br. ssp. psiloscllttha (Rupr.) Hult. 
22. Eleocharis acicucan's (L. )R & S .  
23. Eriophomm cmgu.iJofium Honckn. 
24. caffitnx Cham. 
25. Festucambra L. s.1. 
26. HierochIoeoe hirîa (Schrsnk) Borbas ssp. arctica G. 
Weim. 
27. Hordeum jubatwn L. 
28. Juncrrs arcticus Willd. 
29. baiticus Willd. var. Iittorafis Engelm. 
30. bufonius L. s.1. 
3 1 .  castaneus Smith 
32. mglumis L. ssp. aibescens (Lange) Hultén 
3 3 .  Kobresia simpliciuscuh (Wahlenb.) M c k .  
3 4. Leymus mollis (Trin.) Piger ssp. viI ios iss~~m~~~ 
(Scribn.) A Love 
3 5 .  Lutufa confsa Lindb. 
36. groencandica B6cha 
3 7 .  MmQIanthe~m ~niolium (L.) Sloboda 
3 8. Platantheru obîusata (Pursh) Lindl. 
39. &xwborea (L.) R. Br. 
40. Paaalpim L. 
41. arctica R Br. 







l d y  Erequent 
rare 












Table 3 (cont.) 
LD. Frequeacy 
Numbcr 
43. Potmnogetonfififwmis Pers. var. boreolis (Raf.) St. 
John 
44. Puccineiiïa mttdiiam (Schult.) Hitchc. 
46. Rhynclqora aibu (L.) Vahl 
47. Scirpus caespitosus L. ssp. mstri~ctls (Pallas) Asch 
& Graeb. 
48. TUBS (Huds.) Schrad. var neogaeus Fem 
49. Sparganium &.wboreurn Laest. 
50. Spiranthes rommuoflanu Cham & Schiecht. 
S 1 .  Tofeldio pusifh (Michx.) Pers. 
52. Trigiochin mmarttimum L. 
53. palustre L. 
54. Tkiseiutn spicatum (L.) Richt. var. maidienii F m .  
Dicoty ledoaeae 
5 5 .  Achillea nigresceas (E. Mey) Rydb. 
56. Andronte& pdifoiïa L. 
5 7. Androsace septentri01~Iis L. 
5 8 .  Arabis aipina L. 
5 9. Arcrostqplylos a l p m  (L.) S preng. 
60. rubra (Rehd. & Wds.) Fem. 
61. wa-ursi (L.) Spreng. s.1. 
62. Arnica angusti~olia Vahl in Homem. ssp. atteltuatrr 
(Greene) Douglad & Ruyle-Douglas 
63. Asiragaius akimrs L. 
64. Airiplex giabriuscu& Edmonston 
65. phrh L. 
66. Bartsia alpim L. 
67. Belulo ghnhlosa Mich*. 
68. Cardamine pratensis L. s.1. 
69. Cartiieja raupii Penne1 s.1. 
70. Cerastum aipimm L. 
7 1 .  Chrysunthemum arctium L. ssp. p d m e  Hultén 
(Fig. 8) 
19 I ~ Y  
abundant 
20 I ~ Y  
abundant 
I ~ Y  
dominant 
abundant 




33 l d y  fiequent 
34 I d y  fiequent 
rare 
Table 3 (cont.) 
Sptcies 
L Dm Frequency 
Number 
72. Chysoqlenium f e t r d m  (Lund) Fries 
73. Cuchlezria oflcimlis L. ssp. groenMiçc1 (L.) 
Porsild 
74. Draba ulpim L. 
75. Dryas integniolia M .  Vahl ssp. integniolia 




Erigeron e h s  (Hook.) Greene 
Euphtana arctica Lge. 
Gentianella propinqua (Richards.) J. M .  Giiiett ssp. 
85.  Honkenyapeploi&s Eiuh. var. dtsa (Hornem.) 
Mate 
86. Kaitnia polifolïa Wang. S. 1. 
87.  Koenigia islCIIICiica L. 
88. Lehum &cum&em (Ait.) Lodd. 
89. graenlandicum Oeder 
90. Lesqilerefla urctica (Womkj .) S .  Wats. 
9 1. Lomaf ogonium rotaîum CL.) Fries ssp. rotdum 
92. Maîriccara ambigua (Ledeb.) Kryl. 
93. Menyanthes trt~oliata L. 
94. Mertensia maritirna (L.) S .  F .  Gray 
95. Mimurfia mbeila (Wahlenb.) Graebn. ex Asch. & 
Graebn. 
96. Moehringra latenfl01.a (L.) Fenzl 
97. M-gale L. 
98. Myriophyllum sibiricum Kornarov 
99. Orîhilia secun& (L.) House S. l. 
1 00. Pamassia kotzebuei Cham. & Schlecht. 
101. pUf11stTi's L. 
1 02. P e d i c u l a n s ~ m e a  L. 




l d y  fiequent 
locally fiequent 







I ~ Y  
abundant 
I ~ Y  
abundant 











l d y  fiequent 
rare 









105. Iqpnica L. 
106. suderiça Wid. S. lat. 
107. Petasites s~gittkz&s (Banks ex Pursh) Gray 
1 O 8. Pinguicu la villgans L. 
109. Plmitago maritirna L. s.1. 
1 10. Poljgomrm vivipanrm L. 
1 1 1 . PotentiIIu egedii Wormskj. 
112. norvegca L. 
113. paIustnstns (L.) Scop 
114. puIcheI& R Br. 
1 1 5 .  Primula egaIi&semflSis Wonnsk. 
116. incana M. E. Jones 
1 1 7. Pyrola grand~frora Radius 
1 1 8. R~lll~nçuhs aïpatiiis L. var. qa t i l i s  
119. cymbal'a Pursh. 
120. gmelini DC. ssp. purshi (Richards.) Hultén 
121. Iqpnicus L. 
122- pe&tr~hus Sm. 
1 23. Rhinanthus minor L. ssp. borealis (Sterneck) A 
Love 
124. Rhoddn&on @panicum (L.) Wahlenb. 
125. Ribes oxyacanthoides L. 
126. Rubus arcticus L. ssp. ac4uIis (Michx.) Focke 
127. c#mnaemonrs L. 
1 28. Rumex occidentalis S .  Wats. 
129. Sagina n&sa (L.) F d  var. 110a0sa 
1 3 0. Salicornia boredis Wolff & Jefferies 




I ~ Y  
abundant 
I ~ Y  
abundant 






l d y  fiequent 






I ~ Y  
abundant 
occasional 
I ~ Y  
abundant 
l d y  
abundant 








1 36. SaIix phijiofia Rinh. ssp. pImrifo1ia 89 I ~ Y  
abundant 
137. reticulata L. 90 fiequent 
1 3 8 .  Smjiaga aizoides L. rare 
139. caespifosa L. s.1. 91 occasionai 
140. cemua L. rare 
141. hirculus L. 92 l d y  q u e n t  
142. oppositryolia L. 93 occasionai 
143. triaupidata Rottb. 94 occasionai 
144. Senecio congestus (R Br.) DC. 95 abundant 
145. paupercufus Michx. 96 l d y  fiequent 
1 46. Shepherdia d e m i s  (L. ) Nutt . 97 rare 
147. Silene apfalum (L.) Fenzl. rare 
148. S'rguîmiu m w i m  (L.) Griseb. 98 locally muen t  
1 49. Stellaria hum~firsa Rottb. 99 locally fiequent 
150. longipes Goldie s.1. 100 fiequent 
1 S 1. Suae& marifimu (L.) Dumort rare 
1 52. T'mcacum ceratophorum (Ledeb.) DC. s.1. 101 rare 
1 53. Vaccinium vitis-i&a L. ssp. minus (Lodd.) Hultén l d y  fiequent 
Note: Primula eguIiksensis and P. incum have the same number as they hybridize 
regularly and these two species and their hybrids are difficult to distinguish when in h i t .  
states were recorded based on direct observations, measurements and fiom fiterature 
2.2.4 Cbrracttrs 
The character List (Appendix 1) was compiled by c o n s d ~ g  published seed keys (Fiske 
193 5, Martin & Barkley 1 % 1, Okda 1964, Berggren 1 969 and 198 1, Hatusima & 
Yoshinaga 1970, Monod 1974,1977 and 1979, Montgomery 1977, Bergsîrom 1986, 
Anderberg 1994) and by examining specimens for suitable characters and selecting 
pertinent ecologicai idormation. Characters can be divided into two broad groups: 
morphological and ecologid. 
For morphologid charactefs, the ernph.sis was p l a d  upon characters that allow 
quick and easy identification of many distantly related taxa Morphological character 
states were recorded based on direct observations, rneasurements and fiom iitetature 
sources. #en seeds of a species were available, ten seeds of each taxon were used to 
obtain the morphological data. Specimens were observeci under a dissecting light 
microscope (Leica MS 5) in order to score "shape modifier" (characters 1 to 4 in 
Appendix 1) and "shape" characters (characters 7 and 8 in Appendix 1). As the aim of the 
database was to be able to id- seeds found both shortly d e r  prVnary dispersal (seed 
rain) and buried in the soi1 ( s e d  bank), the encoding of the presence or absence of "shape 
modifier" characters was flexible in the database. Many seed attachments (e-g- hairs, 
wings, bracts, styles) are unlikely to d v e  burial although they may be found on seeds 
trapped above ground. When such a discrepancy ocwred, the character state was 
recorded as either present or absent. 
Both planar and cross-sectional orientations were used in an effort to capture the 
three-dimensional shape of the seed whm describing their sw. in order to score planar 
shape character, seeds were placed in a position where they lay as flat as possible and the 
hilwn (Uidicating the point of placental attachent) w u  arbitrarily set as the base. For 
determinhg the cross-sectional shape, seeds were cut at the widest point perpendidar to 
the length of the seed. No partiailar orientation was se$ for the cross-sectiod shapes. 
Termhology of the planar and cross-sectional shrpes of seeds foilowed guideiines given 
by the Systematics Assoaation Cornmittee for Descriptive Tenninology (1 %2). 
For rneaswements of seed size, seed outlines were digitized using a video camera 
(SONY AVC-DS with AC adapter CMA-DS) connecteci to a monitor (SONY PVM- 
1343Q) and the fiamegrabber (hagmg Technology hc. PCVISIONplus) instaiied h a 
personal cornputer @dl 3 10). This equipment, together with the program, MorphoSys 
(Meacharn & Duncan 1993), allows the user to interactively obtain and measure the 
outhes of objects (Fig. 5). A compound Light microscope (Pdyvar) together with a 
camera and attached macro lem were used to magni@ mai l  and large seeds respestiveiy- 
A range of values, usually the maximum and minimum, rather than the average, was used 
to represent the lengh and width of the taxa. Outliers (e.g. Fig. 6 Cerustium ulpimm, 
Euphrasia mcticq Ramncuiis cymbaGaria, Potentiila puickIh, Enpebun, N , m ,  
CustiIIeja raupi, Senecio congeshs, Honckenp peploicis and Triglochin maritirnum; 
Fig . 7 EpiIobium phst re ,  Matrratrrçanà ambigua, Pedimlmis labradorka, P e d ~ ~ ~ l a r i s  
Iqponica, Ramrnmius gme fini. Carex subqpathacea, Cmer aqyatilis and Menyrmthes 
rrifoliata) were identifiecl in the boxplots as values that fa11 at least 1 -5 times the 
interquartde range above the third quartiie or below the first quartile (Moore & McCabe 
1993) and added as extreme values to the database. 
"Seed s u r f " "  characters (characters 9 to 13 in Appendix 1) were scored by 
examining seeds under the compound light microscope. As some of the finer features 
were difficult to ascertain using light microscopy, the characters and states were describeci 
by consulting Steam's Botmicd Lan'n (1966) on the definition of taxonomie terrns 
commonly used to descrii  surface faiures (e-g. areolate) and the illustrations of surfàce 
formations given in Murley (1 95 1). 
The ecologid data consisteci of two main groups: biogeography and soi1 seed 
bank ecology. The biogeographic data, including t«>-region afnliation, w m  taken from 
Porsild & Cody (1 980) and were included to help tailor the database to the needs of the 
user. While the broad geographic range is given in character 14, the dependent 
Figure 5. Seed outhes showing examples of length and width measurements by 
MorphoSys. The Mum and the apex were determined visually and used as markers to 
rneasure length. The width was defined as the greatest distance ~erpendidar to the 
length. Although the degree of success with which MorphoSys captured these seed 
dimensions is variable, the method is far more accurate thnn those ükely to be ernployed 
by users of this database. 

Figure 6. Length of seeds mmmarized in boxplots. The "whiskers" represent the range, 
the boxes represent the 6rst and third quartiles and the horizontal h e s  within boxes 
represent the median Outlien are idenfifieci with asterisks (*). Taxa are labeled using the 
first three l e t tas  of the genus and first four letters of the species name (for species name, 
consult Table 3 on pp. 3 3 to  3 8). Note changing s a l e  of the y-axis. 
Species Name 
Figure 7. W~dth of seeds Summarized in boxplots. The "whiskers" represent the range, 
the boxes represent the h t  and third quades and the horizontai iines within boxes 
represent the median. Outliers are identifieci with asterisks (*). Taxa are b l e d  using the 
first three letters of the genus and 6rst four letters of the species name (for species name, 
consult Table 3). Note changing scale of the y-axis. 

characters 15, 16 and 17 fwther isolate the ranges in North America, Europe and Asia 
Presence or absence in the Eoil seed bank, seed r a b  and vegetaîion during the 1997/1998 
sampling seasons in the sait marshes of La Pérouse Bay was recorded using biaYy vdued 
dummy variables. Ecological data were included in order to aliow qualitative, and 
eventually quantitative, cornparisons with the morphological data. Most species possessed 
a wide range in the values recorded for density in the seed bank and seed fain, and 
frequency in the vegetation due to  the sampiing design (we sampled dong a gradient of 
loss of vegetation and soi1 degradation) and the patchy distribution that is common for 
seeds in the soi1 (Thompson 1986, Thompson et al. 1997). Consequently, a binary scale 
(i.e. presence or absence), rather than actual density vaiues or density classes, was used to 
describe the emlogical data in this database. As noted above, most species in the database 
were absent fiom the above ground and below ground vegetation due to the sampling 
frarne of the ecological data. 
2.2.5 Multivarïate data andysis 
Only morphologicai characters (characters one to thirteen) were used in the muhivariate 
analysis of the data. The DELTA program CONFOR, together with the directive file 
TODIS, and the prognun DIST were used to generate a semi-matrk of resemblances 
between taxa. The resemblance iùnction ernployed is a modified version of Gowa's 
coefficient (1971) for h e d  data in its distance fonn (Dallwitz et ai. 1993, pp. 84-85, 
127). This coefficient has the advantage that it incorporates both multistate and 
measurement (i.e. continuously distributeci) characters into a distance that has desuable 
geumetric properties when used in cluster analyses (Legendre & Legendre 1983). 
Average M a g e  clustering was then carried out using the SYN-TAX package (v. 5 -03, 
Podani 1993) &a f h t  rearranging the distance maaix output by DIST oo that it could be 
read successfully by SYN-TAX. This reanangement was done ushg huMions provideci 
by the data anaiysis package S-Plus (v. 4.5 Rel. 2, M.thSoft 1997). 
The INTKEY fùnctions, "similarities" and "differences," were used to m e r  
analyze relationships within the groups identifid by cluster d y s i s .  Both funmons 
generate numerical and nahiral laaguage descriptions of respective sirnilarities and 
differences between taxa within clusters. 
2.2.6 Illustrations 
Seed taxa were photographed as slides using a compound light microscope and attached 
3 5mm camera. Plant images were either photographed as slides in their natural habitats at 
La Pérouse Bay or obtained fiom the herbarium image collection at the TRT. TRT 
images were taken under natural light conditions or in studio settings. Ail slides were 
scanned using the Nikon 3 5tnm Film Scanner LS- 1000 and stored digitally as Joint 
Photographic Experts Group (JPEG) h. images were cropped using Adobe Photoshop 
(Version 3.0) for Mackintosh cornputers and Paint Shop Pro 5 (Version 5.03) for 
Wùidows was used for W e r  manipulations of the digitized images such as reorientation, 
compilation, scaling and annotations. The program INITIMATE, also part of the DELTA 
system, was used to associate the ixniages with taxa and characters for INTEKEY and to 
add labels which can be turned on or off as desired. 
2.3 Results 
2.3.1 Turt 
Character state iaformation was coilected for 102 species but the diagnostic f-es of 
INTKEY indicated that some species were indistinguishable nom each 0 t h  on the basis 
of these characters. in some cases, s p i e s  were collapsai into a genus taxon 
(Arcfostqhyios spp., Hippun's spp., Wix spp. and Steflan'a spp.) and in others, 
morphologidy siniilar but more distantîy rdoted qxsies were kept as separate taxa 
(Cdorhiza trïjida and Pyroia pandrflora, Tofiefda pusif fa and Q~~fobiuni 
angustrioiium). Ln cases where some but not ail members of a genus (PedicuCan's 
labradorica and P. ikpponica) or f a d y  (Ericaceae: Kolmu pdifiiu and Le& 
decumbens) were indistinguishable, species wae  also kept as separate taxa. The 6nai taUy 
of taxa distinguished in the database was 92. As DELTA character and item files are 
eady  modified, the database can be expanded with minimal effort to include missing 
species as they are wllecteâ. 
2.3.2 Chwacters 
The seed database and the generated identification key were used successfUy to idene  
the two taxa found in the residual soii sorted afta wecbg germination had ceased 
(Hippns spp. and Potentiih egeciî) and seventeen out oftwenty-one taxa wght in the 
seed traps (Ahrpiexpa~h~ Betuh gl;anbui04 C m  aquatilis. Cmer gymK:rates, 
Hippuris spp.. Junçus hfontus. h m a t ~ i u n t  rolrrtum, Mcrtnkvia ambigurr, A@ca 
gaie, Potantogeton fi fiformis, Potentii' ege& Potentiih pdtcstns, Ra~~nçtrîus 
cymbaiarïa, Sbiicorniu boredis, Salir spp., SaMfiaga hircuits and Seneci0 congeshcs)). 
Seed dimensions foliowed by Sad shape proved to be gencrally the most usetid characters 
in identifjing seeds found in both the residuai soi1 and seed rain. They were especiaiiy 
important for seeds found in the residuai soi1 as  shape modifiers and seed surface features 
rarely surviveci burial. 
Rather than separating thern into dimete size categones, the dimensions, length 
(Fig. 6 )  and width (Fig. 7). forrned a gradient with the exception of one taxon, Leymus 
mollis. Conse~udy,  ahhou& the Sad dimension cbaracters are good characters 
diagnostically, they need to be measured with great acwocy and entend as a range 
including a margin of error. Here, the dimensions were obtained digitaiiy and rnay be far 
more accurate and precise than manual measurements. When multiple specimens of taxa 
are available, it would be prudent to use average values. In temu of g r o s  seed shape, 
moa of the species had width to lmgth ratios between 1 : 1 and 1 :3 (Fig. 8). A few species 
had very long and narrow shapes with a width to length ratio around 1 :6. 
2.3.3 Multivrriatt data andysis 
Cluster analysis using morphological traits resuited in 1 1 prelunuiary groups (Fig. 9). 
Three groups delineated plant families: Cyperaceae (group l), Poaceae (gmup 3) and 
Asteraceae (group 5) .  AU the Cypenceae in the database were contained in group one. 
In contrast, group 3 contained only the smailer sized Poaceae with Ho~cIeurrn@bafum and 
k y m s  mollis in groups 10 and 1 1 re~pectively. AU the Asterame w a e  clustered in 
group 5 with the exception ofMaticana umbigua. Two taxa formed separate phmetic 
Figure 8. Logio of seed width plotted against logio of seed length showhg width to 
length ratio. Data labels are identification n u m h  aven in Table 3. Dashed iines 
represent width to length ratios of 1 : 1, 1 :3 and 1 :6. 
Figure 9. Cluster analysis of seed morphological traits (characters one to thirteen in 
Appendix 1) using Gower's coefficient rnaîrix. Eleven clusters are recognized and their 
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groups: Wlix spp. (group 9) and Loymrs mollis (group 1 1). Lepnus M i s  was parted 
fiom the other species at the nnt separaiion due to its substantidy largex sîze (Fig. 6 4  
but the reason Salk spp. were separated fkom groups 2 to 8 is unclear. 
Description of the mailarities and differences betweai taxa within the 1 1 gtoups 
are given in Table 4. The presence of seed shape modifier characters was important in 
defining groups 1 to 3 and 8. Group 5 had low width to length ratios. Groups 5 to 1 1 
had taxa with generdy larger sias. W~ the exceptions of Mir spp. and RamrmI11s 
spp., these taxa had lengths longer than the median length for the database. The largest 
cluster, group 4, contained species with genaaily eliiptic, ovate or obovate shapes that 
Iacked s h a p  moditiers. 
Table 4. Description of groups resuhing fkom cluster analysis of morphologKal 
characters. Wrt)iin-group "sirniluities" and "difEerences" were generated by INTKEY. 
Group Simihritits Differcnces 
Cyperaceae 1. Variable cross-sectionai seed 
AU have bracts except Eriophorum shape 
mgustifoIium 
AU have styles 
Medium large s k  (iength=2.0 1 mm to 
3.73 mm) 
Planar seed shape elliptic, ovate or 
obovate 
AU have wùigdmargins except for 
M a t n t n ~ â  ambigua 
1. Large variation in size 
2. Variable plansr and cross- 
sectional seed shape 
S d  Poaceae 
AU have bracts 
Planar seal shape elliptic 
Larger s a d s  (length= 1 -42 mm to 5 -99 
Table 4 (corit.) 
Group Similuitiu 
Few species with seed shape modifieers 
WY 4) 
Cross-sectionai seed shape mostly elliptic 
Planar seed shape elliptic, ovate or 
obovate 
Most of Ast-e 
No seed shape modifiers except hairs 
Long and nmow shape 
No seed Jhspemodifiers 
PIanar seed shape eiiiptic 
Cross-sectionai seed shape triangular 
Larger seed size ( l e n e  1 -3 7 mm to 3.73 
No wings or styles 
Larger seed size (1.41 mm to 3.83 mm) 
AU have styles, no bracts 
Planar and cross-sectionai seed shape 
etliptic 
Safix spp. 
Hairs absent but indication of attachent 
All have styles 
No seed shape modifiers except for hairs 
Large seed size (lm@= 1.9 mm to 7 -95 
=O 
Planar seed shape eiiiptic, ovate or 
obovate 
Lepus mollis 
1. Large variation in size 
1 .  Variable planar and cross- 
sectional seeâ shape 
1. Variable seed size 
1 .  Cross-sectional seed shape 
variable 
Largest seed size 
2.3.4 lllustntions 
The database indudes 12 composite pictures illustmting character States, 87 photographs 
of seeds and 40 illustrations of plant species, both close-up and in their natural habitat. 
Effort was made to iiiustrate each taxon with a picture of the seed and the plant. 
Illustrations of taxa wiU be added to the daîabase as they becorne available. 
2.3.5 Avrilrbility of âatibase 
The DELTA-fonnatted database for the xed flora of La Pérouse Bay can be obtained by 
contacthg the first author (echang@botany.utoronto.ca). The database can be consulted 
in its entirety on the Wodd Wide Web by means of PoUyClave, a web-based tool for 
interactive identification (hw://prod.Library.utoronto. ca/polyclave. h t m l  îhe DELTA 
programs used in constructing and analyzing the database (the DELTA editor, CONFOR 
DIST, etc.), and in using it for local interactive identification (KNTKEY) can be obtained 
at http ://biodiversity . uno. etiddelta/. 
2.4 Discussion 
The generated identification key and the multivariate summary of seed morphological 
traits form a strong foundation on which to build studies of the ecology of seed banks. 
Further uses of the multivariate summary would be to evaiuate the identified groups on 
basis of their ecological fùnction. Simple correlations that have beai recognized between 
the ecology of seeds and their morphology include the ability to form persistent seed banks 
where s d s  are srnail and have isodiarneuic shapes (Bekker et ai. 1998b), and the ab- 
to disperse if se& have wings or a pappus. In the seed ecology studies at La Pérouse 
Bay, Junnrs bufonks (group 4) and Ramrnçrrius cyn>&ûària (group S), both species with 
s m d  seeds, had ~bstantial and persistent seed banks. Species with wings or hairs, Befuh 
g~anduIoosa. Senecio congestus and Salk q p . ,  were also found to form a sigmficant 
portion of the seed tain. Hence, examples exist where there are links between a 
morphological trait and its ecologid fùnction. However, consider that haifthe taxa in the 
database (W46) are wntaïned in group 4. Group 4 is g e n d y  characterized by s d  
(length<2.5mm with the exception o f4  taxa), round seeâs that lack any obvious dispersai 
or landhg mechanism. If a generic seed can be said to exist, this would be the description. 
Of the eleven taxa in gmup 4 that are commonly found in At marshes, four were found 
solely in the seed bank (SteICaB'a spp., Twlochin paIusfris, S'perpIraia marina and 
Prirnula spp.), five were found in both the seed bank and seed rain (Potentih egedii. 
Juncus bufonius, Ahiplex pafuia, Hippuns spp. and Sdicornia boreaiis) and two taxa 
were found in neither in the seed bank or seed min (T~gfochin - f imm and Plamtago 
maritirnu). Note that T. maritirnum and T. palusiris do not fit the gened morphological 
syndrome of group 4, king the oniy mernbers with long and narrow shapes. 
The relationship between seed ecology and seed morphology is rnitigated by a 
number of different factors. Seed morphology contains many "trade-offk" between seed 
dispersability, landing, packaging of resources, escape fkom predation and movement 
through the soi1 column (Harper et al. 1970). The seed e<r>logy of a species is affected by 
seed physiology, Me histoxy and disturbance regime as well as seed morphology. 
Increasing habitat disturbance was LinLecl to increasing seed persistence for the Bora of 
north-west Europe (Thompson et ai. 1998). However, increased seed penistence was but 
not always linked to s M s  in seed size in the north-west European flom Plowing has 
broken the link between probabiiity of burial and s e d  morphology in agrïcultural habitats 
(Thompson et al. 1998). in Australia, seed size and shape fded to predict seed 
persistence due to the fire disturbance regime (Leishman & Westoby 1998). In 
ecosystems dorninated by firr disturbance, survival is ofhm linked to a hard seed mat that 
typically results in a higher seed IMSS. In contrast, the link between seed size and 
morphology was supporteci in the British flora (Thompson et al. 1993, Hodkïrwn et al. 
1998) and Nne sites in five European countries (Netheriands, Sweden, Germany, Estonia 
and England in Bekker et d 1998b) where disturbance r-es usudy involve physicpl 
agitation of soil. At La Pérouse Bay, clear trends were difficult to disceni between 
rnorphological groups as presently defined by average linkage cluster analysis and their 
presence in the soi1 seed bank, seed rain and seeds dispersed by spring floods. It should be 
noted, however, that soi1 degradation and r d t a n t  soi1 erosion also weaken the link 
between the initial probability of buria1 and sunid. 
Most midies on iinks between seed morphology and ecology have conceritratecl on 
one or two morphological traits and a specific ecological fùnction. The identification of 
groups of seeds based upon many morphological factors complicates the relationship 
considerably and some characters, such as seed d c e  traits, may seern to have Little 
ecological fùnction. However, when these characters (9- 13) were excluded fiom the 
analysis, DELTA was unable to  generate a semi-rnatrix of resemblances between taxa due 
to the large number of taxa that became indishguishable. Some surface characters are 
integral properties of the seed mat and rnay influence such important t'unctions as 
moisture relations, flotation and interaction with s m d  predators and pathogens. For 
example, some small seeds can be "unwettable", pautly due to the existence of smail pits 
£iiled with trapped air in the testa, and thus float on the surface of water (van der Pijl 
1982). Such a property aids in dispersai by watex. 
It is acknowledged that the seed flora of La Pérouse Bay may be a highly 
specialized topic as ody  three known studies of seed ecology in the general viciaity have 
been conducted (Archibold 1984, Staniforth et ai. 1998, Chapter 3 and Chapta 4). 
However, many arctic species have circumpolar distnbutioas and 58 taxa in the database 
have a circumpolar distribution. In addition, the types of genera found in salt marshes 
tend to be highly conserved as few plants are able to tolerate the high salinity. By setting 
the parameters for characters 14 to 18 (geographical distribution and -region) in 
INTKEY and PollyClave, the taxa can be t i l ted  to include only those taxa with particular 
ranges (e.g. North America) or habitats (e.g. arctic and alpine). In this way, the database 
may be applied to regions beyond La Pkouse Bay. 
As a subset of the flora of the Hudson Bay lowfands, the taxa of La P6rouse Bay 
are indicative of northern and coastal -ties, as outlined in Riley (1990). Nmeteen of 
the forty-nine taxa restricted to the wast of the Hudson Bay lowlands, seventeen of fifty- 
four taxa restricted to the maritime tundra zone and twenty-one of fifty-four taxa 
restricted to the northern Hudson Bay lowlands are found at La Pkouse Bay. The 
checklist also contains nine native taxa classified as rare for the Hudson Bay lowlands 
(known from three or less locations out of total of  eleven locations): Calbmagrostrs 
deschanpsioicte~~ Juncus bighmis. Coraiiorhizu trzj'idt, Koenigia islbndiua. Spergularia 
marina, Cochlearib oflcimiis, Lesquereih arctica and Suaeda maritil l l~. 
Chapter 3: EfEect of habitat degradation on the vegetation and seed 
bank in coastal sait-marsh and beach-ridge habitats 
3- 1 Introduction 
At La Pérouse Bay and elsewhere in the Hudson Bay lowlands, the effects of the 
current high levels of disturbance and stress on plants, resulting from the foraging 
activities of large numbers of lesser snow geese, have led to loss of vegetation and the 
presence of degraded salt-marsh habitats with low plant diversity, low net primary 
productivity and high rates of soi1 erosion (Jano et al. 1998). Declines in plant standing 
crop and exposure of the underlying soi1 substrate on beach ridges have also been 
documented. Very few species can persist for any length of time under both high 
disturbance and high stress regimes (Grime 1979), and the only species that can be 
expected to survive under these conditions are stress-tolerant ruderals. However, seeds 
can often persist in soil as a "memory" of the former vegetation for a period of time 
(Bakker et al. 196a) ,  as they are often more tolerant of stress than their adult 
counterparts and, once buried in the soil, can escape some agents of distwbance, disease 
and predation. The survival of seeds of former communities under degraded conditions is 
determined by the relationships between the original plant assemblages, propagule 
production and seed reserves in the soil. Al1 will be affected by the disturbance and 
stress regimes and the soil seed bank will decline as a function of the time that has lapsed 
since the vegetation was destmyed. 
The highest simüarity in species composition between vegetation and the seed 
bank is predicted when recmitrnent is tightîy coupled to disturbance and secondary 
succession foliows the initial floristic development (Pierce & Cowling 1991). Where the 
vegetation regenerates through differtnt successional phases after disturbance, or is 
characterized by gap-phase regeneration, the similarity is predicted to be low. For coastal 
dune vegetation in South Africa, the highest similarity was recorded for the most 
frequently disturbed community, the grassland, and the Ieast frequently disturbed 
community, the thicket, had the lowest similarity between the vegetation and the seed 
bank (Pierce & Cowling 199 1). in an aipine herb field on the Beartmth Plateau. 
Montana, the seed bank and the vegetation were the most similar in an early seral grave1 
borrow where medium-Lived species dominated the plant community both above ground 
and below ground. In a late seral field. the vegetation was composed of mostly long- 
lived species while the seed bank was dominated by short-lived species (Chambers 
1993). 
Studies of the relationship between the vegetation and soi1 seed bank in different 
habitats have yielded highly variable results. In arctic and alpine habitats, the 
relationship was closely coupled for vegetation and seed banks on Mont Jacques-Cartier 
in Quebec (Morin & Payette 1988) and loosely coupled in a Scandinavian sub-arctic 
plant comrnunity and two centrai European alpine cornmunities (Dierner & Prock 1993), 
an old-growth Colorado sub-alpine forest (Whipple 1978). a high sub-alpine site in the 
Oregon Cascade Mountains (Ingersoll & Wilson 1993) and coastal sub-arctic beach 
ridge, sand bar and salt-marsh sites near Churchill (Staniforth et al. 1998). For wetlands, 
similarities between the vegetation and seed bank were found in tidal fresh-water marshes 
(Leck & Graveline 1979, Parker & Leck 1985, Leck & Simpson 1987). coastal salt 
marshes (Hopkins & Parker 1984) and iniand marshes (van der Valk & Davis 1978, 
Pederson 1 98 1 ). Dissimilarities were found in an Appalachian sphagnum bog (McGraw 
1987), salt pans (Ungar & Riehl 1980) and a tidal fresh water marsh dong the Delaware 
River (Leck & Simpson 1995). 
The methods used to detennine the similarity between the composition of the 
vegetation above -und and the seeds buned in the soi1 have also been various and 
numerous. They include qualitative assessments using the presence and absence of 
species (Morin & Payette 1988). percentage similarity (I.ngetsoll& Wilson 1993. Ungar 
& Woodell 1996). cornparisons of frequencies (Leck & Simpson 1987, Diemer & Prock 
1993, Leck & Simpson 1995), similarity indices (Sorensen's similarity index, van der 
Vaik & Davis 1976, Grandin & Rydin 1998), correlation coefficients (Spearman's 
correlation coefficient, Grandin & Rydin 1998, Staniforth et al. 1998; Kendall's rank 
correlation coefficient, Pierce & Cowling 1991; community coefficient, Pierce & 
Cowling 1991), the X* goodmss of fit test (Rydgren & Hestmark 1997) and the Mantel 
test (Jutila 1998). More recently, multivariate statistics have been used to summarize and 
assess the relationship (Bray & Curtis ordination, Jutila 1998; (detrended) 
correspondence analysis, Pierce & Cowling 1991, Looney & Gibsoa 1995, Rydgren & 
Hestmark 1997, Grandin & Rydin 1998; unweighted pair group mean ciuster analysis, 
Ungar & Woodeil 1996) but some difficulties arise due to the different scaies used in 
measuring the vegetation (frequency and cover estimates) and the seed bank (density per 
unit area). One cm circumvent the problem by cornparing separate ordinations of the 
vegetation and the seed bank (Pierce & Cowling 1991, Looney & Gibson 1995) or 
reducing the data to presence or absence of species (Rydgren & Hestmark 1997). 
Grandin & Rydin (1998) simply noted the ciifference of scale in their ordination of secd 
banks, former vegetation and current vegetaiion and made the cornparisons with the axes 
rather than absolute similarity values. Many studies use multiple methods to assess 
similari ty as the criteria have not yet been standardized. 
In this study, redundancy analysis (RDA) (van denwollenberg I977), a method 
largely neglected by ecologists (Jongman et al. 1987), was used to explore the 
relationship between the above ground plant community and the seeds stored in the soil. 
A form of reduced rank regression, RDA can be viewed as a constrained version of 
principal component analysis ( K A )  (ter Braak 1994, Skimer et al. 1998). Canonical 
correlation analysis (CANCOR) may seem to be a mon logical choice as it would 
produce the comlations and regressions for the relationship between the vegetation and 
seed bank and vice-versa in one ordination (Skinner et al. 1998). However, CANCOR 
has very stringent requirements regarding the ratio of simples to species that few 
ecological data sets can fblfdl (Jongman et al. 1987). Two reciprocai RDA ordinations 
c m  be viewed as equivalent to CANCOR. Using RDA, the relationship between the 
vegetation and the seed bank can be explored in relation to gradients of disturbance, 
stress on plants and other potentiaily important environmental variables. 
If disturbance (goose grazing, gmbbing and soil erosion) and stress (hypersalinity 
and aridity) c m  be reduced and stabilized, what is the revegetation potential from the 
"memory" stored in the soil in damaged coastal salt-marsh and beach-ndge habitats? A 
study of the seed and vegetation dynamics in both undamaged and degraded habitats was 
undertaken to assess this potential. The relationship between vegetation and the soil seed 
bank was exarnined dong a gradient of loss of vegetation and degradation of soil. The 
questions posed in this smdy are as follows: 1) What is the effect of loss of vegetation on 
the soil seed bank? 2) What factors influence the tirne lag between the loss of vegetation 
and the loss of the seed bank? 3) What are the regeneration strategies of species 
characteristic of the undamaged salt marsh and invasive species? 4) To what extent can 
the below ground seed bank be predicted from the above-ground vegetation and vice- 
versa? 
3.2 Materials and methods 
3.2.1 Collection of seed bank and vegetation data 
The soil seed bank and vegetation were sampled in intertidal. supratidal and inland salt 
rnarshes and on the beach ridge. Sampling areas were chosen a priori based on the 
presence of indicator species for each type of community. Species were chosen as 
indicators based on their efficacy in gauging underlying environmental gradients. For 
example, Salicornia borealis is  an indicator of highly saline soils. The indicator species 
used to identify undamaged and degraded salt-marsh plots were Poteniilla egedii and S. 
borealis respectively. On the beach ridge, closed swards of kymus  mollis indicated 
undamaged plots and Matricaria ambigua indicated degraded plots. For the salt-marsh 
community, samples were coiiected from two long-term exclosures (exclosed from goose 
grazing since 1982) and ten degraded vegetation plots on the intertidai flats on the 
western coast of the Bay, from five undamaged and five degraded paired vegetation plots 
on the eastern intertidal section of the Bay, from twenty undamaged and twenty degraded 
vegetation plots in the supratidal marsh and lastly from two long-term exclosures 
(exclosed from gwse grazing since 1984) and two degraded vegetation plots paired with 
the exclosures in an inland salt marsh 3 km from the coast. No large patches (>9 m2) 
remain in the intertidal marsh on the west coast of the Bay. In the supratidal marsh, the 
twenty undamaged and degraded vegetation plots were blocked into two sites of ten plots 
each. In addition, ten undamaged and ten degraded paired plots were sampled on the 
beach ridge. Each set of paired plots, as well as the ten degraded plots on the intertidal 
flats on the west coast of the Bay and the twenty undamaged and twenty degraded 
vegetation plots in the supratidal marsh, were separated from each other by at least 25 
me tres. 
The soil seed bank was sampled from supratidal areas after spring melt in June 
1997 and frorn other areas at the same lime of year in 1998. At each plot, ten soil cores 
(diameter of 6.7 cm and a depth of 6 cm) were taken randomly dong a one-metre 
transect. The soil cores were then separateâ into two layers and pooled within layers 
resulting in approximately 1 litre of soil for each pooled layer sarnple. The soi1 cores 
were separated into layers because the distribution of seeds in the soi1 profile can be used 
as an indicator of longevity of seeds of individual species (Thornpson et al. 1997). 
Where an organic horizon was visible, cores were separated into an upper organic and a 
lower mineral layer. The organic horizon was usually 2 to 3 cm in depth. Where only a 
minerai horizon was visible, the cores were separated into an upper and lower portion of 
equal size (Le. 3 cm). Samples were assessed for seed bank using a modified seedling 
emergence technique (ter Heerdt et al. 1996). The seeds were concentrated by forcing 
the soils through a senes of sieves (2mm, 22Opm) with the use of a Honda water pump. 
The remaining soil and the seed concentrate were then spread out in trays (27cm by 
53cm) on top of sterile silica sand, covered with ventilated cloches, placed in a common 
garden at La Pérouse Bay Field Station and monitored for seedling emergence. Trays 
were watered and shaded from bright sunlight, as rcquired; watering was necessary 
usually twice per day. Seedlings were removed from the trays as soon as identification 
was possible. Where identification was difficult, seedlings were transplanted into smail 
flower pots (l0cm in diameter), fiiied with a peat-marl mixture and funher growth was 
monitored. At the end of the study, only a few seedlings remained unidentified. After 
approximately six weeks, the soils in the trays were dried, cmmbled and then watered for 
an additional six weeks. Foliowing completion of seedling emergence after a total of 12 
weeks. sub-sarnples of the soils (10% by rnass) were sorted under a dissection scope in 
order to detect apparent viable seeds that failed to germinate. 
Correspondhg percentage cover values were taken of the above ground 
vegetation in late July and early August. 1998 from the same plots where soil seed bank 
samples were collected. Due to time limitation, vegetation abundance was estimated by 
using a randomly chosen subset of the same plots used to sample the seed bank in the 
supratidal marsh (N= 15 plots for undamaged and N=10 plots for degraded areas) and 
beach ndge (N-6 plots each for undamaged and degraded areas). At each plot. a grid 
( lm by 2m separated iato lOcm x lOcm cells) was used to estimate cover values of 
vegetation. A pin was lowered at a random point within each lOcm x lOcm square and 
d l  species touching the pin were rezorded. A total of 200 pin drops were recorded for 
each sample. 
3.2.2 Collection of environmental data 
Soi1 samples were collected in August, 1998 and 1999 respectively in order to determine 
the distribution of soil particle sizes and salinity. Three plots were picked randomly from 
each of the undarnaged and degradeci sites sampled in the intertidal and supratidal salt 
marsh and on the beach ridge. Where only two plots were available, such as exclosures 
in western intertidal rnarsh at La Pérouse Bay, both were sampled. 
Proportions of sand, silt and clay in the mineral soils were detennined using the 
hydrometer method to measure particle size distribution (Sheldrick & Wang 1393). For 
soils of the inland marsh, whicb are rich in organic matter, such a measure was 
inappropriate. Soi1 particle size distribution data for the eastern interiidal salt marsh at La 
Pérouse Bay were taken from Handa (1998). 
The soils were very dry in late July and early August of both years. Due to the 
difficulty of extracting pore water, a known volume of water was added to a known mass 
of soil and sodium concentrations (grams per gram of dry soil) were used as an index of 
salinity (Srivastava & Jefferies 199Sa). Sodium content of the extract was measwed 
using a Perkin-Elmer atomic absorption spectmphotometer (model 3 1 10) in flame- 
eniission mode. 
3.2.3 Data analyses 
The distribution of seeds is the soil is rarely normal (Thornpson 1986, Thompson et al. 
1997) and this was the case at the plots sampled at La Pérouse Bay in spite of the large 
sampling effort. The Wilcoxon rank-sum test (test statistic is W,) modified for a two- 
way layout and including interaction ternis (Bradley 1968) w u  used to compare the total 
seed bank (dl species pooled) in the intertidal-marsh and beach-ridge plots. with respect 
to the status of vegetation loss md vertical distribution in the soil column. A generai 
linear model, using the Poisson distribution, was used to test for ciifferences in the seed 
bank of the supratïdal salt marsh as the sampling design was complex. The iniand 
marshes could not be statistically analyzed due to the extremely small sample size (N=2 
exclosures and paired degraded plots). 
The relationship between the soil seed bank and above-ground vegetation was 
examined using a multivariate statistical method, redundancy analysis (RDA) (van den 
Wollenberg 1977). For the vegetation ordination. both floristic seed bank data and 
environmentai variables were regressed onto the vegetation ciaia. The seed bank data 
were first transfonned, y = log (x + 1). and then the fmt eight PCA axes of the seed bank 
data were extracted. These principal coordinates or "super-species" were used as the 
floristic predictor variables rather than the raw seed bank data, in order to increase the 
sample to predictor variable ratio. Three soil variables. percentage sand, percentage silt 
and an index of soi1 salinity, were used as environmental variabIes. Bipartial canonical 
ordination was used to extract the unique portions of the vegetation data explained by the 
soil seed bank and environmental data (ter Braak 1988). 
The same procedure outlined above was followed to predict seed bank data from 
vegetation and soil data. Cornparison of the RDA results to randorn expectation based on 
Monte Car10 simulation (1000 permutations) was used to test for significance using the 
F-statistic (ter Braak 1986). The statistical progra.cn used for these analyses was 
CANOCO (ter Braak 1987). 
3.3 Rcsults 
3.3.1 Vcgetatioo 
The vegetation consisteci of 33 species that were assigned to a plant species assemblage 
type with which they had the clocst association (Jeff ies  et al. 1979, E. Chang persona1 
observation). Classification of species according to assemblage type was determined 
subjectively based on long-terrn observations of the vegetation at La Pérouse Bay and 
elsewhere in the Hudson Bay lowlands over a 20-year period. The plant assemblages 
found in undamaged salt marshes include a graminoid sward, dominated by Puccineflia 
phrygmodes and Carex subspthcrcea, and a willow-grassland consisting of Salix 
braclycmpa. S. myrtiffifofia nd two caespitose grasses, Feshca mbra and 
Cafamagrostzs deschcrmpsioide~~ The associateci dicotyledonous species include 
Potentifla egedii, Phniago maritim Rrmuncufus çymbaWa, StefAWa hum~jbsa nd 
Steliaria longipes for lower-lying graminoid swards and P-Q palustnk, 
Lomatogonium rotatum, Rhimnthus borealis, Prim& egafibmis and Primukù inuuau 
on willow islands. Where vegetation is 10% Sa/icomia mimr invades hyxmaiine 
mudflats dong with Spergularia marina and Atriplexpatula. Within the delta of the 
Mast River and where subsidiary streams of Wawao Creek feed into La Pérouse Bay, 
unconsolidated sediments in brackish ponds and streams are colonized by H i e s  
tefraphyffu. The "weedy" assemblage consists of ruderal species thpt are not totemnt of 
high soi1 salinity and includes &neci0 congestus, Matncaria ambigus, Rumex 
occi&ntaIis, J u m s  bufoniiils and AchifIeu nigrescem. The beacb-ridge vegetation is 
dorninated by tepnus moIfis. 
Loss of vegetation and degradation of habitat multed in a substantially lower 
vegetation cover for al1 plots (Tables 5-9) and shifts in species assemblage frorn greater 
relative abundance of characteristic salt-rnarsh or beach-ridge species to more ruderal 
species (Fig. 10). In intertidal, supratidal and inlaud salt marshes, the vegetation changed 
from lush graminoid swards with relatively high dicotyledonous species diversity to plots 
with low plant biomass that were invaded by weedy species such as Senecio conges~m. 
Eventuaüy, vegetation was either lost entirel y or was charactenzed b y 
monocultures of S. boreuiis. The undamaged eastem intertidai plots had a high 
cumulative vegetation cover (1 00.2%) but extremely low dicotyledonous species 
diversity compared to other undamaged plots. Beach-ndge vegetation changed in 
response to disturbance from assemblages suucturally dominated by Leymus mollis. a ta11 
grass, to short vegetative cover composed mostly of Matricaria ambigu.  
3.3.2 Soi1 seed bank 
In general, total soil seed bank densities were highest in plots in the western intertidal 
marsh of the Bay (1740-10 700 seeds m-') and the beach-ridge (334-7490 seeds m2), 
followed by plots in the supratidal (1 1.4-2390 seeds m-*). inland (100-21 14 seeds m'*) 
and eastem (28.6-126 seeds m-2) salt marshes. Loss of vegetation and soil degradation 
did not significantly affect the seed density in soils. within each marsh area, compared 
with corresponding values for undamaged plots in the western intertidal marsh (Wilcoxon 
rank-sum test, n=2, m= 10, W,,= 18, n.s.) (Fig. 1 la, b), the inland sait marsh (Fig. 1 lg, h) 
and the beach ridge (Wilcoxon rank-sum test, n= 10, m= 10, Wn=9 1, n.s.) (Fig. 12). 
Table S. Pcrcentage covcr (standatd enor) of sptcies in vcgetation of undamagcd and degradcd plots in 
an intertidal d t  rnarsh on the western coast of La Pdrousc Bay. The undamaged plots have becn exclosed 
from goose grazinp since 1982. 
Speciks Undamaged Si tes Degradcd Sitcs Specjes ToW (lu=2> (N= 10) (fiipqwncyrn) 
Salt Marsb GraminoM Swurl 
Carex su bspathacea 
Porenrilla egedii 
Puccinellia phryganodes 














Trig lochin palustris 






Unknown spccies 1 
Table 6. Percentagc cover (standard crror) of species in vegctation of undamaged and degradcd pIots in 
an intertidal salt marsh on the eastcrn coast of La P6rouse Bay. 
s~ecie~ Undamagcd Sites Degradad Si w S@CS TOM 1 (N=S) W=5) (kuency1200) 












Table 7. Pcrcentage cover (standard crror) of spacies in vcgetation of undamaged and degraded plots in 
a su~ratidai salt marsh. 
- 
Undamagcd Sites Degradcd Sites 
Sitt 1 (N=5) Sitc 2 S m -  SDeCies Site 1 (N=5) Site 2 W=5) Total 
400) 




P h t a g o  manlima 
Ranunculus cymbaiaria 
Dupontia ficheni 









Spergu &na marina 
Brackisb Ma& 
Trig lochin palustris 
Euph rash arctica 
Weedy 
J uncus bufonius 
Marricaria ambigua 
Rumex occidentalis 
Table 8. Percentagc cover of species in vegttaaon of undamaged and degraded plots in an inland sait 
marsh. The undarnaged plots have k e n  excloseci fiom goose grazing since 1985. 
SpeckS Undamaged Sites Degradcd Sites Specfes TOM W=2) (N=2) (haquencynoo) 








Salt Marsb WWow-Gnsslrnd 
Festuca rubra 
Lomatogonium rotatum 






Table 8  con^) 
Specfe~ Undamaged Sites Degradcd Sitcs Spcdes Totrl (N=2) W=2) (fialucncyn00) 
Euphrasia arctica 1 -00 O 1 .O0 
Salk plunifolia 0.75 O 0.75 
W ~ Y  
Senecio congesrus 1 .O O 1 .O0 
Achillea nigrescens 0.75 O 0.75 
Other 
Unknown species i 2.75 O 2.75 
Total 163.00 34.25 197.25 
Table 9. Percent cover (standard crror) of species in vegctation of undamaged and degradcd plots on a 
beach ndge. 
species Undamagcd (N=6) Wiwded (N=6) Spccies Total 
crmuencynm, 









Salt Marsh WiUow-Grassiad 
Ca lamag rostis 
deschampsioides 











Euph rasia arcrica 
Beach Ridge 
Leyrnus mollis 
Poren fil la norveg ica 
Minuartia rubella 
Hordeum jubarum 






Unknown species 1 
Total 158.58 96.8 255.33 
70 
Figure 10. Relative abundance of assemblages of  plant species in different coastal 
habitats at La P h u s e  Bay. Manitoba, found in the above ground vegetation a) where 
vegetation is undamaged and b) where soi1 is degraded. To examine the species 




Western intedida1 Eastern intertidal Supratidal salt marsh lnland salt marsh 
sait marsh salt marsh Sito 1 
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Figure 11. Seed bank density (all species pooled) of undamaged and degradeci salt- 
rnarsh sites expressed per unit area and per unit volume. (a) & (b) westetn intertidal plots 
at La Pérouse Bay; Wilcoxon rank-sum test was used to test for effects of soil 
degradation (as.). soil deph (pcû.001) and degradation-depth interaction (n.s.). (c) & (d) 
eastem intertidai salt-marsh plots; Wilcoxon rank-sum test was used to test for effects of 
soil degradation (a-S.). soil depth (n.s.) and degradation-depth interaction (n.s.). (e) & (0 
supratidai marsh; geaeral linear mode1 using poisson distribution showed significant 
differences between undamaged plots and plots where the soil was damaged (p«0.001) 
and sites (p4.001). (g) & (h) inland marsh; range is given for upper and lower layers of 
soil in exclosed plots, and upper and lower layers of soil in damaged plots respectively: 
800-3400 seeds m-2. 86-1 10 sceds m-2, 940-2200 seeds m-2 and 260-285 seeds m-2. 
Density was onginally calculated per unit volume due to the unequal sampling of depth 
and then converteci into the less accurate per unit area Sample sizes are contained in 
parentheses. Note that the western intenidal salt-marsh has uneven sample sizes. Soi1 
sarnples beneath undamaged vegetaîion for the westem intertidai and iniand salt-marsh 
came from exclosures that had been erected to exclude geese in 1982 and 1984 





Site 1 Site 2 Site 3 Site 4 
Undamageci Deg~ded 
Soil Condition 
2500 1 l 















Figure 12. Seed bank density (dl species pooled) of undamageci and degraded beach- 
ridge plots expressed per unit area (a) and per unit volume (b). Wilcoxon rank-sum test 
used to test for soil degradation (n-S.), soil layer @ < 0.001) and degradation-layer 
interaction effects (m.). Consult legend in Fig. 11 (a) for aplanation of soil layers. 
However, there were clear differences in the abundance of seeds with soi1 depth in the 
different plots (Wilcoxon rank-sum test. n=10, m=10, W,=59, pd.001 for interticiai 
marsh on western Coast of Bay; n= 10, m= 10, Wn=S5, pc0.00 1 for beach ridge). Overall, 
three times to ten times more seeds were found in the upper section of soil compared to 
values for the lower section at a greater depth. In the plots in the eastern intertidal marsh 
(Fig. 1 lc, d), there were no consistent differences in seed densities in relation to soil 
depth (Wilcoxon rank-sum test. n=S. m=S. Wn=23.5, n.s.) or between undamaged and 
damaged plots (Wilcoxon rank-sum test, n=5, m=5, Wn=22.S, n.~.). In the supratidal 
marsh, the seed bank found in undamaged plots was greater than that found in degraded 
plots (general linear model, df= 1. F= 1 7.856. pc<O.ûû 1 ). There were also signi ficant 
differences in the soil seed bank sampled at different sites in the supratidal marsh 
(general linear model, df= 1, F=7.1, p<0.00 1 ). 
Overali, twenty-three species in total were found in the seed banks of which very 
few were monocotyledonous species. These species were assigned to the assemblage 
group that they were most closely associated with in the above-ground vegetation (Tables 
10- 14). R. cymbalaria, a buttercup with small achenes around 1.2mm in length 
represented the graminoid swards characteristic of sait-marsh vegetation. Seeds of 
Salicornia borealis, an annual tolerant of high salinity, were an indicator of hypersaline 
mudflat sediments. Species characteristic of brackish ma&. brackish ponds and streams, 
and freshwater ponds and streams, which occur geographically close to the sarnpled salt 
marsh plots, were aiso found in the seed bank suggesting that some seeds dispersed in the 
plots were incorporated into the seed bank. The weedy assemblage consisted of mostly 
ruderai species that colonize disturbed soils but are not highly salt tolerant. The most 
Tabk 10. Densiîy of mes fmmd in secd bmk (seeüs m-' f se.) of hmrîiW salt l(l;trsh on western coast 
of La Pérouse Bay. * each sample coatauis 10 poded soi1 cores. + range h m  minimum to 1-1 
thichess- +t thickness of layer. Seed bank persistence data ciassified aocordiag to Tbompmn et aL 1997 
(Fig. 2) given in specics dumn: T=üansh& SP-sboriltam LP=long-tmn W. 
u-gad (N=2* for eaçh byer) Degraded Spuies (N= 10* for each hyer) S p d a  
TOP laYer Lower layer Top layer b w e r  iaycr T U  
(3cm)tt (2.5-3-)+ (2.2-3.Ocmy (2.5-3.0cm)p (-h2) 
S d t  M u s b  Grraiid Sward 
Ranunucufus cymbalmio (SP) 9380 47 1 71Mk1500 190at394 18860 
Carex subspthacea CT) 343 O 2.%air2.86 O 346 
Potentilla egedii 257 O 5.71e.71 2 . W . 8 6  266 
Salt Ma& Wülorr-Cturlud 
Festuca mbra CT) 85.7 O 5.71*2.81 5.71I3.81 97.1 
Salk spp. 14.3 28.6 1 1.46.32 8.57*7.18 62.8 
Hypcrsrtline Miidnata 
Salicornia bomaiis (T) 28.6 O O 2.86I2.86 31.5 
Spergularia marina 14.3 O O O 14.3 
A aipiex paiuIa O 14.3 O O 14.3 
Bradrish Ponâs & S t n r a u  
Hippuris spp. (LP) 171 1160 266a83.5 22.8I14.0 1620 
W ~ Y  
Snecio congeshrs ( S P )  3 14 71-4 5.71S.8 1 O 391 
Stellaria longipes 71.4 O 2.86I2.86 O 74.3 
Juncus bufonius O O 5 1 -4W8.3 O 5 1.4 
h4atncaria a m b i p  14.3 O O 2 . W . 8 6  17.1 
A chilieu nigrescens O O 2.86a2.86 O 2 -86 
Otbcr 
Unknown Species 1 O O 68.6dS3.06 14.3*7.68 82.8 
Total 1 O700 1 710 752m 1480 196ûSO7 2 1920 
Tabk 11. Density of species f d  in seed bank (seeds m-' 4s.e) of interaidal salt mu& on easteni toast 
of La Pémw? Bay. * each simple contains IO pooled soi1 cores. + range fkom minimum to maximum 
thickness, * thicbiess of iayer. S a d  bank persistebce daîa gïvcn in mes alumn: T--transerit. 
SP-short-tenn persistenœ, LP-long-tenn persistenœ. 
Unâamaged kgradcd 
S m  (N4 for eacb byer)' (N=5 for each layer)* Spccicr T W  
Top iayer Lowcr iayer Top iayer Loweriayer (==W4m2> 
(3.0cm)H (2.0-3.0cm)+ (3.0cm)t+ (2.5-3.0cm)t 
Sait  Marsh Graminoid S w d  
Rmncuius cymbalarïa (SP)  12WW.O O 17.1*11.4 O 137 
Sait  Marsh Willorr-Cnrrlmad 
Sol& spp. O 17.1*11.4 5.71e.71 22.lk16.6 45.7 
Festvca mbru O 5.71e.71 O O 5.71 
Brrclash Ponds & St-s 
Hippuris spp. 5.71k5.71 O 5.71G.71 11.4*7,00 22.8 
Weedy 
Senecio congesîus O 5.7 1I5.71 O O 5.71 
Total 126a78.0 28.6a18.1 28.a12.8 34.3I21.0 2 17 
Tabk 12, Dcnsity of species found in sced bai& (sceds m" use . )  of supratidal salt nia& * each sainplc contains 10 pooled soi1 cores. + range from nunimum 
to maximum thickness. Seed bank persistencc data given in specics coluinn: T=transient, SFshort-tenn persistencc, LP=long-icnn persistcncc. 
Undaitaaged Degraded Spcckr 
S peciu (N= 1 O* for each layer) (N= 10' for each layer) Total Site 1 Siie 2 Site 3 Site 4 (rc~ddsd) 
Organic layer Minerd bycr Organic layer Mincral layer Top layer Luwer hyer Top layer Lowcr layer 
(2.1 -3.5cm)+ (2.0-3,5cm)+ (2.3-3.7cm)+ (2,O-3.5cm)t (2.0-4.5cm)t (1 3-4.6cm)t (1.6-3.7cm)+ (1.6-3.4cm)t 
Sdt Manb Crualnoid Swrrd 
Ranunculus cymbahia (LP) 
Potentilla egedii (SP) 
Siellaria longips 
Sah Miraâ Wiilow-Crruluid 
Salix spp. (T) 
Feslirca rubra (SP) 
Primula spp. 
Eyp«rrlinc Mubnaîi 
Salicornia borealis 0) 
Sprgulario marina 
Bnclriih Ponds rnd Strcrmi 
Hippuris spp (LP) 
Ranunculus gmelini ssp. purshii 
Frabwrkr Poadr and 
Strcrms 
carex aquafilis 
W ~ Y  






Unknown species 1 
Table 13. Dcnsity of s p i e s  foumi in xed bank (seuls m-*) of iniand salt-marsh. * cach sarnple contains 
10 pooled soi1 cores. + range from minimum to maximum thickness. 
++ thickness of laycr. 
Undamaged W P d e d  
Species (N=2* for each layer) W=2* for each laycr) Species 
Organic laycr Mineral layer Organic laycr Mineral layer TotPl 
(2.4-3.0cm)+ (2.0-3.ûcm)+ (2.5-3.5cm)+ (3.0cm)++ ( ~ ~ m z )  
Salt Marsh Gramindd Sward 
Ranunculus cymbabricJ 
Salt Marsh Wülow-Grasdaad 
Salk spp. 
Fesruca rubra 
H y p e d n e  Mudil.ts 
Salicornia borealis 
Spergularia marina 
A triplex parulo 
Brackish Marsb 
Trîg lochin palustris 
Brackish Ponds & Sîremmi 
Hippuris spp. 




Total 21 14 100.0 1586 27 1 407 1 
Table 14. Density of species found in sead bank (seais m'% se.) of btafh ridge. each sample contains 
10 pooled specics. + range from minimum to maximum thickness. Secd bank persistcnce data given in 
species column: T=transient SP=short-tcrm pcrsistencc, LP=long-tcrm persistence. 
Undamaged Degradcd 
species (N= 10 for each laycr)* (N=lOforeachlayer)* SpeciesTotai 
Organic layer Mineral layer Organic layer Minerai layer ( w 4 m 2 )  
(2.54.0cm)+ (1 .il-3.5cm)+ (2.5-4.5crn)+ ( 1 3-4.0cm)+ 
Salt Marsh Graminoid Sward 
Ranunculw c y m b a i u ~  (S P) 
Srellaria longipes (SP) 
Potentilla egedii 
Salt Marsh Wiow-Grassiad 





A triplex patuh ( S  P )  
Spergularia marino ( S P )  
Salicornia borealis 
Brackish P o e  & Streams 
Hippu ris spp. 
Beach Ridges 
Sauyruga opposit.$olia 
W - ~ Y  
Matricaria ambigua ( S P )  
Senecio congestus (SP) 
Juncus bufonius 
Achillea nigrescens 
Table 14  con^) 
Undamagai 
(N= 10 for each layer) 
Dfz=fed 
Specie?3 (N= 10 for each layer)* Specics TOM Organic laycr Mineral layer Organic layer Mineral laycr (-4m') 
(2.5-4.0cm)+ ( 1 .O-3.5cm)+ (254.5cm)+ ( 1 3-4.0cm)+ 
Other 
Unknown Specics 1 106i41.7 5.71d5.6 1 1 -4M.67 O 1 23 
TotaI 749îk886 854d86 6700I1190 334I96.9 15380 
widespread species of this assemblage type in the seed bank was Juncus bufonius, a 
widely distributed annual species with many records indicating a persistent seed bank 
(Thompson et al. 1997). Onîy four species appeared to be members of long-term 
persistent seed banks in this study: Ranunculus cymbalaria, Hippuris spp.. Juncccs 
bufonius and an unidentified member of Rosaceae that is not found in the La Pérouse Bay 
flora at present (Tables 10-14). % should be noted that al1 of the dominant species in the 
vegetation (Puccinellia phryganodes and Carex subspathcea in the salt marsh, k y m u s  
mollis on the beach ridge) either possess very extremely small seed banks or do not form 
seed banks at dl. 
The soil seed banks of plots in the supratidal marsh and on the beach ridge 
showed shifts in relative abundance of seeds of different species in response to soil 
degradation comparable to changes in the vegetation (Fig. 13). Changes in the soil seed 
bank from undamaged plots to plots where the soil was degraded were characterized by 
fewer supratidal species, beach ridge species and more ruderal species. These changes 
were more evident in the supratidal plots than in plots on the beach ndge. 
In contrast, the seed banks in the western intertidal and inland sait marshes 
showed little change in the overd  species assemblage from plots where the vegetation 
was undarnaged to plots where the soil was degraded (Fig. 13). Species typical of the 
salt-marsh graminoid sward dominated the composition of the seed bank in the western 
Figure 13. Relative abundance of plant assemblages found in the soil seed bank. 
1 .  undarnaged soils, 2. degraded soils. (a) organic or top layer of soil, (b) mineral or 
lower layer of soil. The presence of an organic layer depends upon the salt-marsh 
zonation and the site condition. To see species composition of each assemblage type, 
consult Tables 10-14. 

intertidal marsh, except in the lower layers of the soil in plots where the vegetation was 
undamaged. The assemblage typical of brackish ponds and streams consisted mostly of 
Hippuris spp. and this assemblage formed 67% of the soii seed bank in the iower layers 
of soils in plots where undamaged salt-marsh vegetation occurred in the western intertidal 
marsh. Seeds representative of plants growing in the hypersaline mud flats, the 
vegetation typical of degraded salt marshes, had the greatest relative abundance in plots 
at the inland salt marsh. They made up most of the seed bank of plots where soil was 
degraded (60% and 90% at this location). as weli as that in the upper organic layers of 
plots where undamaged vegetation grew (97%). The weedy assemblage formed a 
significant proportion of the seed bank in the mineral layers of plots where the vegetation 
was undamaged and in the organic layers of plots where soil was degraded. 
The soil seed density was so low in the eastem intertidal sites at La Pérouse Bay 
that it was dificult to assess the affinities of seeds to plant assemblages. The o d y  
species to have a density of at least 100 seeds rn-* was R. cymbalorio. which was in the 
top layer of the soil at plots where the vegetation was undamaged. 
3.3.3 Vegetation ordination constrained by seed bank 
Overall, the eight seed bank variables (PCA axes one to eight) and three soil variables 
(salinity and percentages of soil that were silt and sand) explained 44.4% (p4.005) of the 
variation in the species data (Table 15). The fvst two axes collectively contained 35.7% 
and the first three axes accounted for 42.0 % of the variability. Tests on both the first 
axis and the total configuration showed a high level of significance (p4.005). For the 
eight modified seed bank variables, the fmt eight PCA axes explained 89% of the seed 
Table 15. Components of Variance for RDA. Vegetation &ta were consuallied 
by seed bank data *significance at pc0.05 and **significance at p<0.005 using 
Monte Carlo random simulation. - 
Source of variation Including Unique 
Interaction Terms conkibution 
Seed bank 3 1.9%** 16.6%* 
Soi1 27.8%** 12.5%** 
Seed bank x Soii Interaction 15.3% 
Ex plained 44.4%** 
Error 55.6% 
Total 100% 
Note: CANOCO does not aüow for a test of significance of the seed bank x soil 
interaction factor. 
bank variance with 56.7% contained within the fmt two axes. The fmt RDA axis 
separated the salt-marsh plots with more silt in their soil from the sandier beach ridge 
plots. as shown in the sample-variable biplot (Fig. 14a). The fmt PCA axis followed by 
percentage of sand and percentage of silt in the particle size distribution possess the 
highest correlations with this axis. The species loadings of the fmt PCA axis of the seed 
bank data show that beach-ridge plots tend to have more seeds of Atripfex patula, 
Matricaria ambigu, Senecio c o n g e s f w  and Steffaria longipes present in the soil while 
more Carex uquutilis, Hippuris spp. and Salicornia borealis seeds tend to be found under 
salt-rnarsh plots (Table 16). The second RDA axis represented a disturbance gradient 
with salinity (sodium concentration) showing the highest correlation to this axis. 
Proportion of sand in the soil was also an important environmental factor. The placement 
of plots dong the disturbance gradient corresponded well with a priori assignment. In 
the sait marshes, three of the long-term exclosures were at one extreme with al1 of the 
plots containing the degraded soils at the other extreme. Supratidal plots where the 
vege tation was undamaged were intermediate. The eastern intertidal plots where 
Table 16. Species loadings of the seed bank PCA. These fmt eight axes were used as 
constraining variables in the vegetation RDA (Fig. 1 4 & 1 5). The species abbreviations 
are symbols used in species-variable biplots. 
Spccies Name 
(including abbreviations) AX1 AX2 AX3 AX4 AW AX6 AX7 AX8 
Achillea AN -0413 .2251 -.Il84 -.O972 -.O764 -.1619 - 1  151 -2062 
nigrescens 
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Figure 14. Redundancy analysis (RDA) based upon percentage cover of spcies in the 
vegetation constrained by density of species in the soi1 seed bank and three soi1 variables. 
Seed bank data were transfonned using y = log (x + 1). AX1 to AX8 are axes resulting 
from principal component anal ysis (PCA) of the soi1 seed bank data whic h surnmarize 
trends seen in the data. (a) sarnple-variable biplot; arrows representing the constraining 
variables were magnified three times. (b) species-variable biplot; note difierence in 
scaling from (a), as constraining variable mows were not magnified. Symbols 
representing different plots are explained in the inset legend. A key to the species 
abbreviations is given in Table 16. 
RDA AXIS 1 (27.1 % of species data) 
Westemlntcrtidd 
Unûumaged Saît Mardi 
WcacmIiitertidd 
Degraded Salt Mamh 
Eastern Intertidsl 
Undamaged Salt Ma- 
E m  Intcrtidal 
Degadcd Sa# Ma& 
Supraüôal Undamaged 
Salt Marsh S i  1 
Sqmüthl Oegaded 
Salt Marsh Site 3 
Supratidal Undamaged 












RDA AXlS 1 (27.1 % of species data) 
vegetation was intact and one of the inland exclosures formeci a gmup on the third axis 
(Fig. 15). These plots have moderately high plant cover but low species diversity. which 
suggests partial damage or recent colonization and development of a graminoid sward. A 
herd of caribou trarnpled and grazed the vegetation of the inland exclosure in 1994 and 
1996. Competitive exclusion is uniikely to account for the vegetation patterns in these 
plots as this process usuaiiy occurs in higher successiona1 willow-grassiand sites covered 
with swards of Festuca rubra and Cahmagrostis deschampsioides rather than grazed 
Puccinellia-Carex swards. 
Using bipartial canonical ordination, the unique contribution of the soil seed bank 
in explaining vegetation variance (16.6 96; ~4.05) was found to be slightly larger than 
the unique contribution of the soil variables (12.5%; pd.005) (Table 15). Their 
relatively large interaction factor (15.3%) was expected, as the floristic data should 
incorporate these two components. 
The species-variable biplot (Fig. 14b) shows the distribution of the species that 
contribute to the vegetation. Species are tightly distributed according to the level of 
disturbance and their association with the salt marshes or the beach ridge. 
3.3.4 Seed bank ordination constrained by vegetation 
The modified vegetation and soil variables were better predictors of the soil seed bank 
than vice-versa explaining 52.5% (p4.005) of the variance (Table 17). The fmt two 
axes collectively accounted for 37.8% of the variability. The vegetation PCA was 
slightly more successful than the seed bank PCA with the fmt eight axes explaining 
97.6% of the variance in the vegetation. As in the constrained vegetation ordination, the 
Figure 15. Tluee-dimensionai version of RDA sample-variable biplot given in Fig. 14 (a). 
Table 17. Components of Variance for RDA. Seed bank data were constrained 
by vegetation data. **significance at p4.005 using Monte Carlo random 
simulation. 
Source of Variation Including Unique Contribution 
Interaction Terms 
Vegetation 4 1 .a%** 26.5%** 
Soi1 26.0%** 10.7%** 




Note: CANOCO does not allow for a test of significance of the seed bank x soil 
interaction factor. 
first RDA axis separated the salt-marsh plots from the beach-ridge plots based upon soil 
texture (Fig. 16a). The fourth PCA axis. percentage of sand and percentage of silt in the 
particle size distribution had the highest correlations with this a i s .  Saiinity was also 
influential as salt-marsh soils were generally more saline than beach-ridge soils. 
Sirnilarly, the second RDA axis represented a disturbance gradient with salinity and the 
sixth PCA axis having the highest correlations with this axis among the canonical 
variables. The species loadings for the PCA of the vegetation data are given in Table 18 
but it is not clear what environmental gradients axes four and six represent. The seed 
bank ordination, however, differed in some aspects from the vegetation ordination. Most 
notabiy, the degraded western intertidal plots at La Pérouse Bay had a seed bank 
composition characteristic of "undamaged" vegetation while the two exclosures in the 
inland marsh had seed banks typical of degraded soils. The species-variable biplot again 
shows a tight scatter around the ohgin (Fig. 16b). 
The unique contribution of the modified vegetation variables (26.5%; p4.005) 
explained more than twice the variability explained by the unique contribution of the soil 
variables (10.7%; p4.005) (Table 17). This suggests that local seed production 
(availability of diaspores) is more important than the two environmental variables perse 
in determinhg the soi1 seed bank of an area However, there is a relatively large 
interaction factor (1 5.3%). 
Table 18. Species loadings of the vegetation PCA. These fmt eight axes were used as 
constraining variables in the seed bank RDA (Fig. 16). The spcies  abbreviations are 
s ymbols used in species-variable biplots. 
Species Nome 
(including abbreviations) AXl AX2 AX3 AX4 AXS AX6 AX7 AX8 


































Salk spp .  
Senecio congestus 
Senecio pauperculus 
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Figure 16. Redundancy analysis (RDA) based upon density of species in the soil seed 
bank constrained by percentage cover of species in the vegetation and three soil variables. 
Seed bank data were transformed using y = log (x + 1). AX 1 to AX8 are axes resulting 
from principal component analysis (PCA) of the vegetation data (a) sample-variable 
biplot ; arrows representing the constraining variables were magnifiai three times; consult 
the inset legend in Fig. 14 for explanation of symbols representing samples. (b) species 
ordination; note difference in scaling frorn (a). as constraining variable arrows were oot 
magnified. A key to the species abbreviations is given in Table 18. 





RDA AXtS 1 (24.6% of species data) 
3.4 Discussion 
The combination of disturbance and physicai stress on plants has had a major effect on 
the vegetation as predicted overall by Grime (1979). The RDA vegetation ordination 
(Fig. 14) clearly delineated undamaged areas from where the soil was degraded. As 
expected, salinity as a stress factor was positively correlated with disturbance and 
disturbed salt-rnarsh plots were appreciably more saline than beach-ridge plots. The third 
axis identified a group of undamaged eastem intertidai plots and one inland exclosure 
(Fig. 15) on the threshold between undamaged plots and plots where there was loss of 
vegetation and soil degradation. These former sites are remnants in large areas where 
surrounding soils are degraded and the encroaching degradation and p r  entrapping and 
establishment conditions may limit regeneration of dicotyledonous species. Most loss of 
vegetation in the eastern intertidal sait marsh occmed between 1984 and 1986 (Jefferies, 
unpublished data). 
Loss of vegetation has a negative effect on the soi1 seed bank. While the density 
of the seed bank was not significantly different between plots with vegetation loss and 
soil degradation in the western intertidal marsh, the inland salt marsh and on the beach 
ridge, seed bank density decreased over larger spatial and temporal scales of degradation. 
This pattern was not always apparent on a smaller scaie as the loss of seeds from the soil 
following vegetation damage is noniinear and exhibits a threshold property associated 
with soil erosion. Vegetation loss aiso leads to the decreasing relative abundance of 
species characteristic of intact vegetation. In contrast, there is an increase in the relative 
abundance of invasive species (weedy species or annuals typical of hypeaaline mud 
flats). Due to soil erosion processes, even species with long-term persistent seed banks 
are vulnerable to local extinction. Tbe sarnpled plots in the salt marshes have soil seed 
banks that reflect different stages in the soil degradation and erosion processes. Plots in 
the western intertidal marsh, where soi1 degradation has occurred, have low values for 
vegetation cover but still retained a relatively rich seed bank. Even though most soil 
degradation occurred in the western intertidal marsh and in the supratidal marsh at about 
the same time ( 1988- 199û), soil degradation processes appear to have been slower in the 
western intertidai salt marsh, possibly because there is less organic matter in those soils 
which is easily eroded. Ln the supratidal salt marsh, there were site differences in the 
seed bank in plots where the vegetation was undamaged indicating spatial heterogeneity 
in the distribution of the seed bank. which is common (Thompson 1986). These site 
differences were not apparent in the degraded areas in this marsh. 
The inland exclosures also have undamaged vegetation but very poor seed banks 
composed mostly of S. borealis, an indicator of disturbance. Soi1 degradation was 
already apparent in the inland marsh during the late 1970s. Although seed production 
was estimated to be relatively high in at least one of the exclosures, the encroaching soil 
degradation and rapid run-off of melt water may strongly affect the accumulation of 
buried seeds. S. borealis, present at low frequencies in the exclosed vegetation but the 
dominant species in the surrounding degraded soils, rnay have accumulated in high 
numbers in the soils under the exclosed vegetation due to the easy dispersal of its seeds 
by water and the presence of outer bracts that act as flotation devices. 
Changes in the soil degradation process have been less closely monitored in plots 
on the beach ridge but most of the change is estimated to have occurred between 19û4 
and 1985 based on remote-sensing imagery (Jano et al. 1998). The effcft of loss of 
vegetation on the seed banks of the beach ridge was less severe possibly due to the 
greater number of ruderal species that produce large amounts of seeds in the original 
vegetation and different degradation processes compared with those of the salt marshes 
where hypersaline conditions can develop in degraded soils (Srivastava & Jefferies 
1 996). 
The effect of loss of vegetation on the soil seed bank is influenced by the 
regeneration strategies of plants (Grubb 1977). For example, loss of vegetation and soii 
degradation were more detrimentai to the composition and size of the seed bank in the 
salt-marsh plots dominated by long-lived perennials than in the beach ridge-plots which 
have a greater proportion of ruderal species present. Another way of formulating this 
same statement is that different intensities and types of stress and disturbance select for 
different regeneration strategies of plants. When disturbance intensity is low, 
dicoty~edonous species increase in abundance in the intertidal sait marsh as shown by 
their relative abundance in excloswes (Bazely & Jeffenes 1986). Many of these plants 
spread via vegetative means but some contribute to the soil seed bank and when grazing 
pressure is low, the seed banks can potentially increase in size and in species represented 
due to greater seed production. 
As geese grub for mots and rhizomes. patches in the vegetation appear and are 
invaded by weedy s p i e s  that invest heavily in reproduction from seed sources. Soi1 seed 
bank density increases but is composed mostly of these invasive species. These patches 
become increasingly saline as patch size increases (Srivastava & Jefferies 1995a) and 
eventuall y. only halophytic annuals such as S. boreafis cm tolerate the high salinity. The 
seed bank of S. boreaiis, a species at the northem limit of its distribution, is depleted 
annudly at this location. Fall sarnpling before the year's seed crop ripened yielded no 
seed bank. 
The degree of similarity between the species composition of vegetation and the 
soil seed bank is predicted to increase with disturbance due to greater relative abundance 
of annuals in the vegetation (Hutchings & Russell 1989. Chamben 1993. Ungar & 
Woodell 1996) and to decrease with "stress" due to lower seed production and greater 
investment in clonal growth in perennial species (Diemer Br Ekck 1993). The degree of 
similarity between the vegetation and the soil seed bank was Iess in plots where the 
vegetation w u  undamaged than in plots where soil was degraded. as shown by 
similarities and differences in the relative positions in the RDA vegetation and seed bank 
ordinations (Fig. 14 & Fig. 16). Much of this was due to the fact that the dominant 
species in undamaged vegetation (P. phryganodes. C. subspathacea, L. mollis) do not 
contribute at al1 or very little to the seed bank (also seen in Ungar & Woodell 1996). 
Dicotyledonous species decline and the monocotyledonous species increase their 
dominance of the vegetation as grazing pressure increases. P. phrygunodes is a sterile 
triploid that has never been known to set viable seed in North America (Bowden 1961. 
Sadul 1987) and C. subsparhacea rarely sets seed outside of exclosures due to sustained 
grazing pressure by geese. In addition to regeneration through rhizomes and stolons, 
both species can spread through leaf fragments (Chou et al. 1992). 
Some species were over-represented in the soil seed bank compared to their 
abundance in the vegetation. Soi1 seed banks that were dominated by a few species have 
k e n  shown in other studies inctuding a polar desert in the High Arctic (Freedrnan et al. 
1982), a salt marsh near Churchill (Staniforth et al. 1998). a high subalpine site in the 
Oregon Cascade Mountains (Ingersoll & Wilson 1993). a salt marsh in California 
(Hopkins & f arker 1984, Staniforth et al. 1998), a shoreline in Nova Scotia (Wisheu & 
Keddy f 991) and dune vegetation in South Afiica (Pierce & Cowling 1991). Some 
species were found in the seed bank but were absent in the presentday vegetation, 
possibly due to lack of suitable safe sites for germination and establishment (van der Vaik 
& Davis 1976,1978, 1979, Keddy & Reznicek 1982, Smith & Kadlec 1983). In spite of 
the Iow similarity between the vegetation and seed soil seed bank at some plots, roughly 
half of the seed bank data could be predicted h m  the vegetation data and vice-versa. 
These values are slightly inflated as the sample to variable ratio (six to one) is below the 
ideai (ten to one) (T.J. Carleton, University of Toronto. personal communication). 
In conclusion, revegetation potential h m  the soil seed bank for dicotyledonous 
species was greater in more recently darnaged sait-marsh plots as weil as greater in the 
beach-ridge plots and in salt-marsh plots where the soil degradation was of long standing. 
However, since the dominant graminoids do not form seed banks, revegetation of the 
graminoid "template" will be dependent on dispersal of propagules and therefore on the 
presence of vegetation within dispersal distance. The effect of the vegetation loss on the 
seed bank was heavily shaped by the life-history strategies of the plants in the original 
vegetation and site-specific factors also influenced the t h e  lag between loss of 
vegetation and the subsequent loss of the seed bank in the sait marsh. 
Chapter Four: Effect of degradation on seed min, seed germination 
and early seedling establishment in the supratidai salt marsh 
4.1 Introduction 
Gradients of habitat disturbance and of increased stress on plants (sensu Grime 1977) are 
positively correlated at La Pérouse Bay, Manitoba. Gmbbing and grazing by increasing 
numbers of lesser snow geese (Amer caerulescens caerulescens) have led to vegetation 
loss and associated changes in soil abiotic conditions at a landscape level (Jano et al. 
1998). In the extensive intertidal and supratidal salt marshes that occur in this area, soil 
degradation is characterized by loss of organic maner, hypersalinity and increased 
erosion of surface sediments (Srivastava & Jeffenes 1996). Grime's mode1 of plant 
regeneration strategies in relation to gradients of disturbance and stress predicts that no 
viable strategies exist in habitats subjected to both high disturbance and high stress, and 
consequently it is predicted that few plants survive in such habitats. The soil seed bank 
decreases in both density and species richness in response to loss of vegetation, soil 
degradation and erosion (Chapter Three). 
The processes that result in the loss of the soil seed banlc, however, can only be 
understood by investigating seed bank dynamics in these coastai marshes. An important 
question regarding patterns of regeneration in plant communities is whether recniitment 
is limited by seed availability (dispersal) or microsite ("safe site") conditions 
(Klinkharner & de Jong 1989, Eriksson & Ehrldn 1992). Crawley (1990) suggested in a 
review that microsite limitation is predominant in regulating recruitrnent in plant 
cornmunities. However, Eriksson & Ehrlén (1992) argue that recognition of combined 
limitation (both seed and microsite) may pmve to be more meaningful in studies of 
processes controlling recruitment regdation as  investigations have shown both types of 
limitation occur (microsite limitation: Duggan 1985, Crawley & Nachapong 1985, Peart 
1989; seed limitation: Fowler 1986, Shaw & Antonovics 1986, Hughes et al. 1988, 
Hughes & Fahey 1988, Peart 1989). In darnaged salt marshes at La Pérouse Bay, the 
factors that potentially constrain recniitment and therefore regeneration of plant 
comrnunities remain to be assessed. 
Loss of vegetation and consequent soi1 degradation could potentially lirnit both 
seed availability and the availability of sites suitable for germination and establishment 
("safe-sites" sensu Harper 1977). Seed rain is thought to be dominated by local 
production as the seed rain of plant species typically decreases with distance h m  the 
adult plant, although it may achieve its maximum value at some distance away from the 
source in the case of highly mobile winds flown seeds (Okubo & Levin 1989). Rates of 
predation may be higher closer to the aduh plant (Janzen 1970, Hubbell 1980) but high 
densities of seeds clumped together may also result in p~dator satiation (Augspurger & 
Kitajima 1992). Secondary seed dispersal by wind or water, in addition to patterns of 
predation, may exert a stmng influence on the final distribution of seeds (Smith & Kadlec 
1983, Chambers & MacMahon 1994, Inglis 1999). Objectives of this study relating to 
seed availability included 1) the assessrnent of the effect of vegetation loss in the local 
area on the seed min, as local extinction of a species precludes local production, 2) the 
appraisal of the distances that seeds disperse and 3) the identification of potentially 
important seed-dispersing agents. 
Some areas in the intertidal and supratidal marshes at La P h u s e  Bay still retain 
relatively nch seed banks but recruitment of seedlings from this source may be lirnited by 
hypersalinity which inhibits germination. Hence. a further objective related to the 
assessrnent of microsite availability was 4) to evaluate the effect of high soil salinity on 
seed germination and on early establishment. Seed enuapment and retention processes 
can be viewed as an interface between seeds and their habitats. The final objectives 
included determining 5) whether seed entraprnent processes were affected by loss of 
vegetation and 6) whether soi1 erosion processes had an effect on the retention of seeds in 
the soil. The resoiutions of these objectives are pertinent not only in understanding the 
degradation proçess but also the outcomes are important in assessing revegetation 
potential on degraded marine sediments at La Pdrouse Bay. Information on the fate of 
seeds is a cntical aspect in any successfbl restoration of disturbed ecosystems (Chambers 
& MacMahon 1994). 
4.2 Materials and Methods 
4.2.1 Site description 
The supratidal salt marsh on the western Coast of La Pérouse Bay, Manitoba that is 
flooded by salt water very occasionally (two to three times every three years) is 
dominated b y low w illow shrubs (Salix brachycarpa, Salix myrtillifolia) w hich develop 
on frost-heaved hummocks. Two caespi tose grasses, Festuca rubra, Calamagrosris 
deschampsioides. grow in association with these shnibs wtiïe a graminoid sward 
consisting of Puccinellia phryganorlcs and Carex subspathacea covers lower-lying areas 
between hummocks where saline sediments are exposed. Associated dicotyledonous 
species in this graminoid sward include Potentilla egedii, P h t a g o  maritima, Ranuncufus 
cymbalaria and Stellaria humifusa. Ruderais such as Senecio congestus and Salicornia 
borealis colonize disturbed arcas. AU of these species exhibit varying levels of sait- 
tolerance. S. bmchycarpa, S. myrtillifolia, F. rubru and C. deschampsioides are species 
at one end of the gradient that are sensitive to sait and S. borealis, the most to lemt  
species is at the other end of the salinity gradient. Puccinelfia phryganodes and Carex 
subspathcea are able to tolerate moderate levels of salinity (Snvastava & Jefferies 
1995b) 
Willow-grassland is dso present dong the banks and in the vicinity of the Mast 
River, northwest of the supratidal marsh. In these locations, the shrub layer is composed 
of three willow species, S. planifolia. S. candida and S. lanata together with Myrica gale 
and Betula gfandulosa. Sedge meadows dorninated by Carex aquatilis occur in close 
proximity away from the influence of the highest tides. Al1 of these species are less 
tolerant of high salinity than those species that grow in the salt marsh. A detailed 
description of the vegetation is given in Jeffenes et al. 1979 and Jano et al. 1998. 
4.2.2 Collection of seed rain data 
Seed rzin data were collecteci from two sites showing loss of vegetation and soi1 
degradation and two undamaged sites in the supratidal salt marsh on the West side of La 
Pérouse Bay, based on seeds coiîected in seed traps (30cm by 30cm) made of artificial 
lawn material. The artificial lawn material is made of green, plastic strands woven in a 
carpet and may be purchased at most hardware stores. Site 1 (undamaged marsh) was the 
most proximate to the fresh-water system and occurred less than 100 m east of the Mast 
River. The other sites were at l e s t  1 km east of Site 1. At each site, seed traps were set 
up at twelve plots and emptied once every six to ten days during the growing season. We 
emptied the traps by shaking the artificial lawn material vigomusly in plastic bags. The 
plots were identical to those used to sarnple the seed bank and vegetation cover 
abundance except for two additional plots added to each site. Additional plots were 
added so that a total area of one square metre would be sampled at each site. The seed 
rain was sampled for two consecutive years in 1997 and 1998 during the growing season- 
In addition, seed traps were also Ieft intact dunng the winter of 1997 in order to rneasure 
seed inputs during the spring melt in 1998. 
4.2.3 Effect of salinity on seeà germination 
An assay on the effect of satuiity on germination was conducted for fifieen species found 
in the supratidal salt marsh on the West side of La Pérouse Bay. Seeds were sampled 
haphazardly from plants as close to the time of dispersal as possible during the summer 
of 1997. They were air-dried and separateci from the chaff manuaüy or by using sieves. 
They were then placed in a freezer (-8J°C) for fout months as chilling has been shown to 
increase the percentage of seeds that germinate at low constant temperatures in woody 
tundra and taiga species (Gartner 1983). Cold stratification substantiall y lowered the 
temperature where seeds would genninate and broke the dormancy in most of the arctic 
species studied by Densmore (1979) (as reviewed in Gartner 1983). Subsequentl y, the 
samples were subjected to three weeks of freeze-thaw cycles (5OC for t k  days followed 
by two days at -8OC in the dark) to simulate the field conditions and induce scarification 
(Gartner 1 983). Six s pecies (Uanunculur cymbularia, Piantago manntima,  Festuca 
rubra, Hippuris tetraphylla, Senecio congestus and Leymirr mollis) were tested for 
germination at different salinities in May 1997 and, due to Urne constraints, eight species 
(Parnassia palustris, Primula spp., Castilleja raupi, , Betula glandulosa, Matricaria 
arnbigua, Rhinanthus minor, Hippuris vulgaris and Salix brachycarpa) were maintained 
for a year at SOC and tested for germination during May 1998. Seeds of Potentilla egedii 
and Salicornia borealis were assayed for germination in both years. For P. egedii, the 
assays were conducted using seeds coiiected in 1997 for both years. S. borealis seeds 
were collected in both 1997 and 1998, 
Four salinity treatments of O%, 5%. 20% and 60% the strength of oceanic 
seawater (-34 gram of dissolved solutes per litre) were used in the assay. Salinity 
solutions were prepared from instant Ocean salts (Aquarium System. 8 14 1 Tyler 
Boulevard, Mentor, Ohio 44060, USA). Eight 20-seed replicates of each species were 
placed in sterilized Petri dishes (diameter of 60 mm, depth of 15 mm) with loose covers 
on top of silica sand and to which was added 5 ml of the appropriate solution. The Petri 
dishes were placed randomly on counter space next to windows in the Iaboratory and kept 
at room temperature (-22°C) and ambient light conditions. High temperatures (20-30°C) 
and light levels have k e n  shown to enhance germination of many Arctic species (Bliss 
1958, Gartner 1983). Additional solution was added as needed and the dishes were 
rnonitored daily for a period of 30 days. Germination was defined as the emergence of the 
radicle. Seeds were removed as soon as germination occurred. 
4.2.4 Effect of srrlinity on early establishment 
Intact soil cores with attactied vegetation were collected dong a soi1 degradation gradient 
(high biomass to low biomass as categorized by Srivastava & Jefferies 1995a and bare 
ground) from the Puccineiiia phrygonodes-Carex subspathaceu assemblage and from the 
Festuca rubra-Calamagrostis deschompsioides assemblage in the supratidal salt marsh 
on 6 June, 1994 in the generai vicinity of the sites that were sampled for seed min. Four 
si tes were sampled beneath each of these vegetation types. Twenty intact soil cores with 
attached vegetation were taken from the ground at each site. Ten of these cores were 
placed in flower pots (diameter of 10.5 cm, depth of 10 cm) and placed randomly in a 
comrnon garden where they were watered twice a day with river water. Ten of these 
cores were replanted into the ground in flower pots from which they were taken. 
Therefore, 160 pots, in total, were kept in the cornmon garden and 160 pots were left in 
the field. 
Al1 seedlings of dicotyledonous plants present in these plots were counted every 
seven to fourteen days from early June until early August, 1994. For P h f a g o  murifima 
and Patentilla egedii, seedlings were difficult to distinguish fiom plant resprouting from 
underground organs. The 1 s t  day plants were monitored in the field was 27 July and in 
the cornmon garden on 1 August, 1994. At the end of the experiment. aii above ground 
biomass was harvested from both pots in the field and in the comrnon garden on 2 
August, 1994. The turves were trimmed into 5 cm x 5 cm squares, their above ground 
biomass was clipped, placed in a tray of water and washed and sorted according to 
species. The biomass of monocotyledonous species was pooled within each pot. Plant 
material was then âried using a radiant heat oven (Lab-Line Imperia1 II, Johns Scientific, 
Toronto) and weighed using a balance (Mettler PE 160, Mettler Instrumente, AG CH- 
8606, Grenifensee, Zürkh). 
A turf with attached organic soil (10 cm x 10 cm) was collected initially h m  di 
16 sites in order to measure the salinity of the soil water. Themafier, samples were taken 
from two randomly chosen sites for each vegetation type (Le. higMow biomass 
Puccinellia-Carex assemblages, bare ground and Festuca-Calamagrostis assemblages) 
every ten to frfteen days. For the common garden, a saiinity sample was taken from two 
randomly picked pots originating from each vegetation type on August 2. Early in the 
season, soil water was extracted by manually squeezing the samples but as soils becarne 
dner, soil samples were centrifuged and the extracted soi1 water was diluted with de- 
ionized water (Srivastava & Jefferies 1995a). Soi1 salinity (gram of solute per litre of 
water) and soil conductivity (reciprocal ohms) were measured using a salinity/ 
conductivity meter (Yeiiow Springs, Ohio, Mode1 33). As soil samples became cirier and 
only small volumes of water could be extracted, the test solution samples were 
increasingly diluted with deionized water until it was possible to measured only 
conductivity with the Yellow Springs meter. Conductivity measurements were caiculated 
back to salinity using a simple Iinear regression between paired values collected for 
salinity and conductivity. 
4.3 Results 
4.3.1 Seed min 
The seed rain was low (<3 seeds m-* per day) during the growing season of 1997 (Fig. 
17). The highest densities representing the seed input were measured during rnid-to-late 
Undamageci Site 1 
I Z I  Unâarnaged Site 2 
O Degraded Site 4 
Date 
Figure 17. Seed min (density of seeds m'2 t standard error) collected dunng two 
consecutive growing season in 1997 and 1998. 
August with seeds of P. egedii (29%). S. congestuc (17%). Carex spp. (10%) and B. 
ghdulosa (7%) contributing most to the cumulative seed min (Table 19). There was no 
significant difference in the total number of seeds caught in undamaged vegetation plots 
from those caught on degraded soils (Wikoxon-rank sum test, n=24, m=24. Wn=532, 
n.s.). During the growing season of 1998. the total numbers of seeds caught from the 
seed rain was significantiy larger than that caught during the previous season (Sign test 
for paired replicates, n=48, r=5, pcd.001) and most sceds were trapped in late July and 
early August (Fig. 17). The cumulative seed min was mostly composed of wind- 
dispened seeds of willow shmbs (56%) and fresh-water species, C. aquntilis (25%) and 
M. gale (7%) (Table 20). The seed rain sarnpled from undamaged vegetation plots was 
signi ficantl y lower than the seed min sampled from degraded soils (W ilcoxon rank-sum 
test, n=24, m=24, W,=466.5, p4.01). 
The number of seeds caught in the seed traps was significantly greater during the 
spring melt, when seeds were undergoing secondary dispersal, than during the previous 
growing season (Sign test for paired repiicates, n=40, r=3, pc0.00 1) (Fig. 18). The salt- 
tolerant ruderal, S. borealis, was the main constituent of the seed rain (38%) followed by 
the fresh-water species, Myrica gale (1 4%). C. aquatilis (1 2%). B. glandulosa (10%) and 
P. palustris (IO%), and the brackish species, Hr'ppuris spp. (7%) (Table 2 1). The number 
of seeds caught in the undamaged vegetation was not significantly different from that 
caught in the bare soils (Wilcoxon rank-sum test, n=19, m=2 1, Wn-.5, n.s.). 
Table 19. Density of seeds (seeds m-') trapped in supntidal sali marsh during the 1997 growing season. 
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Table 19. (cont.) Density of seeds (seeds me2) trapped in supratidal salt-marsh during the 1997 growing season. 
971815 97/81 1 4 
spccies Undamaged Degraded Undamagai ûegradcd 
Site 1 Site 2 Site 3 Site 4 Site 1 Site 2 Site 3 Site 4 
(N= 12) (N= 12) (NE 1 1) (N= 12) (N= 1 2) (N= i 2) (N= 12) (N= 12) 















BrrclJab Pmdr & S t m a  
Hippuris spp, O O O O O O O O 
Fmhwaîer Ponds & Stinmi 
Carex aquatilis O O O O O 3.7î3.7 0.92S.92 0.92M.92 
Potamogeton Jlifomis O O O O O 0.92M.92 O O 
Potentilla palustris O O O O O 0.92a.92 O O 
W ~ Y  
Junnis biifoniiis O O O O 0 O 0.92H).92 O 
Mafricaria ambigua O O O O O O O O 
Senecio congestus 1.&1,2 O O 3.7*2,1 O O 0.92a.92 O 
Otbcr 
Carex spp. O O O O O O 0.92fl.92 2Jk1.4 
GI;unincae O O O O O O O O 
Umbelliferac O O O O O O 0.92M.92 O 




Table 19. (cont.) Densiiy of seeds (seeds m") trapped in supratidal salt-marsh during the 1997 growing season. 
97/8/20 Cumulative Total for 1997 
species Undamaged Dcgraded Unâamaged Degraded 
Site 1 Site 2 Site 3 Site 4 Site 1 Site 2 Site 3 Site 4 
(N= 12) (N= 10) (N= 12) (N= IO) (N= 1 2) (N= 12) (N= 12) (N= 12) 
Sdt-Mrrsh Grninoid Swrrd 
Poleniilla egedii 0,92I0.92 O 0,92@.92 1.1k1.1 0,92a.92 O 2,8&1,4 22*14 
Ranunculus qvmbalarin O O O O O O O O 
Sdt-Mardi W i i l ~ ~ - G r W m ~ d  
Calamagros fis spp. O O O O O O O O 
Lomatogonium rotafum O O O O 1.8î1.2 O O O 
Salix spp. O l.l*l. 1 O O O 1.8k1.2 O O 
Hypeniline Mudflrti 
Salicornia borealis O O 0.92M.92 O O O 0,92M.92 1.8*1.8 
Airiplex p lu la  O O O O O O O O 
Firrbwrtcr Manb Wülow-Crurlrnd 
Betula glandutosa O 5.6*7.8 O O O 5.6k2.2 0.92U.91 O 
Carex gpnocrares O 2.2î1.5 O O O 1.W1.2 O 0.92M.92 
M ' c a  gale O 1.141.1 O O O 0.92i0.92 O O 
Sarifiaga hirculis O O O O O O O O 
B d n 4  Poadi & Strcrm8 
Hippuris spg. O O 3.7k3.7 O O 0,92*.92 3,7*3,7 O 
Pmhwrtcr Poadr & Stmrms 
Carex aquatilis O O 0.92M.92 O O 4.6*3.7 1,8I1.2 0.92î0.92 
Pohmogeton fllijormis O O O 1.1*1.1 O 0,92a.92 O O. 92a, 92 
Poteritilla palus~is O O 0.92a.92 O O 0.92M.92 0.92î1.92 O 
W ~ Y  
Juncus bufonius O O O O O O 0.92îO.92 O 
Matricaria ambigua O O O O O O O 0.92îû.92 
Senecio congesfus 5.6*1.7 1.1k1.1 0,92M.92 O 8.3*2,0 0.92M.92 1.tk1.2 3.7k2.1 
ûîher 
Corex spp. O. 92M. 92 1.1I1.1 3.7k2. 1 O 0.92M.92 0.92I0.92 4.6k2.5 2&1,4 
GlilllUneae O O O O O O O O 
Urnbelliferae O O O 1. 111, I O O 0.92I0.92 2.8I1.4 
L 
Totai 7,4*2.1 12I3.1 12k4.0 3.3k1.7 12.0I2.5 19.415.5 19.4I5.0 37*13 
er 
c. 
Table 20. Density of seeds (seeds m-2) trapped in supratidal salt-marsh during the 1998 growing season. 
98/7/22 98/7/29 
- -- 
Species Undamaged Degraded U ndainaged Degradcd 
Site 1 Site 2 Site 3 Site 4 Site 1 Site 2 Site 3 Site 4 
(N= 12) (N=9) (N= 12) (N= 12) (N= 12) (N= 12) (N=%) (N=8) 
Sdt-Manh Gnminoid Swrrd 
Potenfilla egedii O O O O O O O 1.4h1.4 
Ranunculus cymbalaria O O O O O O O O 
S a i t - M i d  WiUow-Cruilrad 
Calamogrostis spp, O O O O O O O O 
Lomatogon~um rofatum O O O O O O O O 
Salix spp. 0.92kO.92 1.2î1.2 0.92N,92 O O 2.8k2.0 9.7k4.4 4.2k2.9 
Bypcruli# Mudflrta 
Salicornia borealis O O 0.92k0.92 1.8rt1.8 O O O 1.4k1.4 
Ahjplex plulu O O O O O O O O 
F m b w i t e r  Manb Wiliow-Cruilrnd 
Beîula gl~dulosa O O O O O O 5.6k5.6 O 
Carex gvnocrutes O O O O O O O O 
hfyrica gale O O O 0.92M.92 O O 8.3*8,3 8.3h4.6 
Sax~jFaga hirculis O O O O 0 O 1.4h1.4 O 
B r d n h  Poadr & Stirrmr 
Hippuris spp. 0.92N.92 O 0.92N.92 O 0.92I0,92 O O 1.4*1.4 
Frcrbwatcr Ponda & Strermr 
Carex aquatiiis O O 4.6*4.6 O O O 1 k9.6  5.6k4.2 
Potamogeton~liformis O O O O O O O O 
Poteniilla palustris O O O O O 0.92N. 92 O O 
W ~ Y  
Junclrs bufonius O O O O O O O O 
Mafricaria ambigira O O O O O O O O 
Senecio congeshs O O O O 0,92îû.92 0.92k0.92 O O 
Othcr 
Carex spp. O O 0.92kO.92 O O O O O 
Gramineae O O O O 0 0 O O 
Umbellifc rae O O O O O O O 1.4h1.4 




Table 20. (cont.) Density of seeds (seeds mJ) trapped in supratidal salt-marsh during the 1998 growing season. 
981815 Cumulative Total for 1998 
speciu Undamaged Degradcd Undamaged Degraded 
Site 1 Site 2 Site 3 Site 4 Site 1 Site 2 Site 3 Site 4 
OIJ= 12) (N=12) OJ=ll) OJ= 12) (N= 12) (N= 12) (N= 12) (N= 12) 
Sdt-Manh Graminoid Sward 
Potentilla egedii O O O O O O O 0,92a,92 
Ranunculus cymbalaria O O O O O O O O 
Sdt-Mairb Willon-Grurlurd 
Calcrmagrostis spp, O O O O O O O O 
Lomatogonium rotatum O O O O O O O O 
Salix spp 5,6*2.9 4W24 32k7.2 18I5.9 6.5k3.2 44*24 37*9.9 2W6.8 
H y p c d i œ  Mudflat~ 
Salicornia borealis O O O O O O 0.92Ml92 2.W2.0 
A triplex prrlula O O O O O O O O 
Frcrbwrtcr Mamb Wiilow-Graaalind 
Behrla glanrhrlosa O 0.92kO.92 1.Oil.O O O 0.92M.92 4.6I2.7 O 
Carex  ocr rut es O O O O O O O O 
M M c a  gale O O O 0.92M.92 O O 5.6k5.6 7.4k3.7 
Saripaga hirculis O O 1.0I1.0 O O O l.UL2 O 
Braâdrb Poadr & Stream8 
Hippuris spp. O O O O 1.8*1.2 O 0.92kO.92 0.92M.92 
Fmbwrtcr Poadr & Stirrmr 
Carex aquaiilis O 3 1A3 1 O 1 . 8  O 3 1*3 1 12k7.5 5,6*3.2 
Poiwnogeton filijiormis O O O O O O O O 
Poleniilla plustris 0.92I0.92 O O O 0.92kO.92 0.92N.92 O O 
W ~ Y  
Juncus bufonius O O O O O O O O 
Matricaria ombigua O O O O O O O O 
Senecio congestus O O O O 0.92M.92 0.92I0.92 O O 
Otbcr 
Carex spp. O O O O O O 0.92I0.92 O 
Gramintae O O 0 0 O 0 0 0 
Umbellifemc O O O O O O O 0.92S.92 
Total 6.5k2.9 72k36 34k7.6 2M5.4 10.2k3.2 7U36 64k20.1 3W.3 
L 
Undamaged Site 1 
O Undamaged Site 2 
Degradecl Site 3 
I r  Degraded Site 4 
Grom'rig Season Spring Meît Growing Season 
Date 
Figure 18. Cumulative seed min (density of seeds m-2 t standard error) on three 
sampling dates (July 22, July 29 and August 5) for growing seasons of 1997 and 1998 
and for the spring melt in 1998. Two sites were sampled in both the undamaged 
supratidal salt marsh and supratidal salt marsh where loss of vegetation and soi1 
degradation had occurred (N= 12 for each site sarnpled dunng the 1997 and 1998 growïng 
season; for spring-melt data, N= 12 for Site 1. N= IO for Site 2, N= 1 1 for Site 3. N=8 for 
Site 4). Consult inset legend for coding of sites and conditions. 
Table 21. Density of seeds (seeds m.') trapped in supratidal salt-marsh during the 1998 spring melt. 
98/6/7 
Specis Undamaged Degradcd 
Site 1 (N=l 1) Site 2 (N= 10) Site 3 (N=l 1) Site 4 (N=8) 
Sdt-Manh Graminoid Sward 
Potentilla egedii 21î9.7 1.1*1.1 1,Wl.O 2,ikl.S 
Ranunculus cymbalaria 2.M1.4 O O O 
Sait-nirnb Wik-Grruluid 
Calamagrostis spp, O O O 6.M.9 
Lomatogonium rotatum O O O O 
Salir spp. O O O O 
Hypenrline Mudflata 
Salicornia borealis 87î57 4.4*3,0 25*18 26W 150 
Atripfex patula 3.U2.2 O O O 
Fmbwatcr Manh Wlllow-Crisaland 
Betula glandulosa 14*12 2 1 6 . 7  9.1k4.2 %*25 
Carex wocrales O 2.2k1.5 O 1.4k1.4 
Myrjca gale 52I25 19k9.2 35î30 32* 15 
Smfiaga hirculis O 1,1*1.1 O O 
BrrelJiib Pondr & Stnrmr 
Hippuris spp. MI2 1 4.4h2.4 7.li5.0 14*î 1 
Pmbwrtcr Pmdr & Stnrmi 
Carex aquatilis 16k14 3 3 1 . 7  1 1h3.0 8%38 
PotamogetonJli$omis 2 . M  .4 O 2.îk1.4 O 
Potentilla palustris 12kS.5 1%12 8.1IJ.J 61î39 
W ~ Y  
Juncus bufonius 7.1k4.0 O O O 
Matricaria ambigua O O O O 
Senecio congestus 1.0;tl.O O O 2.8I2.8 
0 t h  
Carex spp. O O O O 
Gramineae 1,Ul.O O 3.e1.6 O 
Umbclliferac 2,&1.4 O 2&1.4 2W24 
Total 2-78 76î-82 l m 2 7  56M43 
43.2 Germination and Cplinity 
The overall cumulative germination was highest for sec& of P. maritirna (up to 50%). P. 
pulustris (up to 27%) and Betuln glondulosa (up to 27%) (Fig. 19). Very few seeds 
genninated (d%) in four of the tested species, Primula spp., Hippuris tetraphylla, 
Casriffeja raupi and Potentilla egedii. Increasing salinity had a detrimental effect on the 
seed germination of ali species. The greatest percentage of seeds gemùnated in distilled 
water and declined progressively in solutions salinities of 5%. 20% and 60% the strength 
of oceanic seawater. Seeds of the halophyte, P. maritirna, had a relatively high rate of 
germination (20%) in the 20% sea water solution compared to other species. The only 
other species able to germinate at even low percentages (4%) in the 20% sea water 
solution were S. congestus. L mollis and B. glandulosa. No species was able to 
germinate in the solution which was 60% the strength of sea water solution. 
Seeds of five species, Ranunculus cymbalaria, H, vulgaris, S. brachycarpa, S. 
borealis and RhUlanthus minor. did not genninate ai aiî. All of these species, except R. 
cymbafaria, suffered from high levels of fungal attack. A fungicide was not used as 
Baskin & Baskin (1998) suggests that inferior seeds would be more likely be attacked by 
fungi. A small perceatage of P. egedii seeds germinated during 1998 but did not 
germinate at ail during the 1997. In three of the species, H. tetraphylla, H. vulgaris, P. 
maririma and P. egedii, the seed coat became mucilaginous upon wetting. In such States 
the adverse osmotic and ion effects of high saiinity may be reduced by the pmence of 
gel-like materials (Ungar 199 1 ). 
Figure 19. CumuIative perceotage of seeds (I standard error) that germinated in 
solutions that were 0%. 5%. 20% and 60% the saiinity of oceanic seawater. Eight 20- 
seed replicates were used in the germination assay. Note different scales. Logistic 
regression on the cumulative germination percentage indicated that gennination of 
Matricaria ambigua (df= 1, x2= 11.20. @il 1). Benth glanduiosa (df= 1 ,  x2=9.78. 
p4.005),  Pnrnmsia palurtns (df= 1, x2=!9.33. m 5 ) .  Plantago maritirna (df= 1, 
x2=6.35. p-0.0 1 ) .  Leymus mollis (df= 1 .  x2=7.27. @.O 1). Fesntcu rubra (df= 1. 
x2=5. 19, pcû.05) and Senecio congestur (df= 1, ~ ~ 4 . 0 7 ,  ~ ~ 0 . 0 5 )  was si gni fîcan tl y 
related to salinity treatment. 
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4.33 Saîinity and eariy seedüng estabiishment 
The salinity of soi1 water samples taken later in the season, as the soils became drier. was 
estimated from the conductivity using a regression equation (Fig. 20). The mg~ssion 
was highly significant (p4.001) and explained a very high proportion of the variability 
(98.6%). In the control plots, saiinity increased as the season progressed (bm 1-10 g of 
solute per litre to 25-60 g of solute per litre) and salinity was higher in soils where there 
was either bare ground or low biomass of Puccinellia-Carex compared with soils with a 
high biomass of Puccinellia- Carex and Festuca- Cafmgrostis  (Fig. 2 1 ). Watering the 
pots decreased the salinity of interstitial water at least one order of magnitude. 
Lo wering the salinity b y w atering with river water significantl y increased the 
standing crop of graminoids in the pots (square mot transformation, two-sample t test, 
df = 1, t = 10.265, pe4.001) (Fig. 22a). Pots that originated fmm swards of Puccinellia- 
Carex with a high biomass had the highest standing crop followed by low biomass 
swards of Puccinellia-Carex and Festuca-Calamagrostis. Pots taken h m  bare ground 
sites had the lowest standing crop of dl samples (Tukey-Kramer multiple comparisons, 
farnily error rate = 0.05). Site differences existed oniy in pots taken from bare ground 
sites and Festuca-Cafamagrostis swards (Tukey-Krarner multiple comparisons, farnily 
error rate = 0.05). 
Both measurements of standing crop and counts of plants found pet pot showed 
that growth and early establishment of P. egedii (Fig. 22b. Fig. 23a), P. maritirna (Fig. 
22c, Fig. 23b) and Salk spp. (Fig. 22e. Fig. 23d) genesaily increased with watering. The 
Festuca-Calamagrosris swards had the highest standing crop and number of P. egedii 
plants followed by the high biomass Puccineliia-Carex swards. Plants of P. maritirna 
O 100 200 300 400 500 600 








Figure 20. Simple linear regression of soii salinity (g dissolveci salts litre") using 
conductivity of extrafted soii water (reciprocal ohms* 100) as the predictor variable 
Salinity = 0.325 + 0.- ' Condudivity. p<0.001 
8 = 0.9û8 
Figure 21. Salinity of extracted soii water (g dissolved salts litre-') from high and low 
biomass swards of Puccinellia-Carex, bare grwnd and swards of Festuca-Cakgrostis 
from June to August, 1994. Black symbols represent soil samples taken from the field 
and grey symbols represent soil samples that had k e n  watered twice a day with river 
water from early June to early August. 
94616 94/6/20 94/6/27 Mn115 94n126 94812 
Date 
Figure 22. Standing crop measurements (g of  dry mass m-2 * standard emr)  of samples 
that had been watered twice a day with river water and samples that were left under field 
condition. Sarnples were sorted as (a) grarninoids, (b) P. egedii, (c) P. maritimu. (d) S. 
borealis and (e)  Salk spp. The samples originated from four sites each of hi@ and Iow 
biomass swards of Puccinellia-Carex, bare ground and swards of Fesruca-Calumugrostis. 
A to C refer to Tukey-Kramer multiple comparisons of vegetation types that the pots 
were taken from; a to c refer to Tukey-Knmer multiple comparisons of sites in the bare 
ground assemblage; d to e refer to Tukey-Kramer multiple comparisons of sites in swards 
of Festuca- Calamagrostis. 
1 2 3 4 5 6 7 8 9 10111213141516 
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Figure 23. Average number of plants that were counted in flower pots that had been 
watered twice a day with river water and samples that were left under field condition on 
27 July and 1 August, 1W4 respectively. Samples were sorted as (a) graminoids, (b) P. 
egedii. (c )  P. maririma, (d) S. burealis and (e) Salix spp. The samples originated from 
four sites each of high and low biomass swards of Puccinellia-Carex, bare ground and 
s w ards of Festuca-Calamagrosris. 
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Site 
Site 
1 2 3 4 5 6 7 8 9 10111213141516 
Site 










If) Stellaria humfisa 
O 5 6 7 8 9 10 11 12 13 14 15 16 
Site 
were present in highest numbers in pots that originated from Puccinellia-Carex swards 
with a high biomass and from the Fesruca-Caf~grostis swards. Seedlings of S. 
borealis were present in both the high biomass swards of Puccinellia-Carex and in bare 
soils but were almost absent fiom the swards of Puccinellia-Carex with a low biomass. 
Both seedlings of Senecio congestus and Stellaria humrfusa were present in very low 
numbers in pots (Fig. 23e, f). For the dicotyledonous species, al1 recorded plants of S. 
borealis, Saiix spp. and S. congestrcs were seedlings. Data for P. egedii and P. marifima 
were confounded and included resprouting of plants h m  underground organs and 
seedlings. However, when 100 plants of these species were haphazardly collected from 
the same sampling area the following year (1995), 13% of coiiected plants of P. egedii 
plants and 32% of plants of P. maritim plants were seedlings. 
4.4 Discussion 
4.4.1 Seed rain 
Although the input of seeds in the seed rain was low during the growing season, there 
were no systematic differences between the seed min at undamaged sites and sites where 
loss of vegetation and soi1 degradation had occurred. Much of this rnay be due to the 
apparently high dispersability of the seeds of some species and the open habitat in 
degraded areas. Some of the most common species found in seed min of the growing 
season are dispersed by wind (e.g. Salir spp.. S. congestus). Due to the open habitat ai 
degraded areas, seeds can continue dispersing until a barrier or crevice is reached where 
seeds accumulate in sheltered microhabitats (Smith & Kadlec 1983. Chambers & 
MacMahon 1994, inglis 1999) such as intact vegetation or seed traps. The numbers of 
seeds trapped in distwbed sites were much higher than would be predicted by local 
production suggesting less retention of seeds and greater mobility in these areas. The 
seed traps are one of the few barriers present at these sites as the crusted algal mats and 
the dned. compacted soil on the surface (Chambers & MacMahon 1994) tend to preclude 
entrapment. 
Similar processes are likely to affect dispersal during spnng melt on a larger 
scale. The relative abundance of fresh-water species in the seed min, which are dispersed 
over distances on the scaie of kilometres, was much greater at spnng melt than during the 
growing season. Flooding extended the dispersai range of species in two riparian sites in 
south-eastern central Sweden (Skoglund 1990). At La Pérouse Bay, the dominant species 
in the seed rain (S. borealis) together with a common fresh-water species (Potentilla 
palustris), are well adapted to dispersal by water. S. borealis floats by retaining air 
between the short flat hairs covering the testa and the floral bracr that ofien remain 
attached to the seed (Ungar 1978) and seeds of P. palustris have k e n  known to float for 
rnonths to years at a time (Skoglund 1990). 
Seeds dispersed by water d u ~ g  spring melt will most likely have one of three 
fates: seeds may be trapped by intact vegetation, se!eds rnay be washed into the bottoms 
of the many ephemeral ponds as the waters recede or seeds may be swept dong 
ephemeral streams towards the Mast River and be carried away from the locality. In 
addition to dispersing seeds produced during the former summer and autumn, the floods 
during spring melt may redisperse seeds accumulated in the soil as the strong flood 
current causes soi1 erosion. Seed banks are ofien much more dynamic than they are 
portrayed to be (Chambers & MacMahon 1994). 
The seed uaps made of &cial lawn material were better mimics of intact 
graminoid swards than of bare soil in recnating the entrapment properties. In degraded 
soils, the number of seeds caught in traps represented seeds moving through the plot 
rather than seeds that would remain in the plot (actual seed input). A seed trap that was a 
berter mirnic of the texture of soil would provide a better estimate of the seed input, 
which could be compared to the number of seeds moving through the area. 
4.4.2 Seed germination 
Seeds of most halophyte species germinate in the spring or during the season of high 
precipitation when salt salinity is lower (Ungar 1978, Keiffer & Ungar 1997). 
Germination of seeds was severely impaired for three of the eleven species tested and non 
existent for seven others when the salinity reached 20% of that of oceanic sea water (-6.7 
g of solute per litre). Soi1 wacer salinity was already higher than uiis value in soil of 
swards of Puccinellia-Carex swards b y 6 June, 1994 and even soi1 from the Festuca- 
Cafamagrostis swards exceeded this value by 20 June, 1994 (Fig. 21). These dates are 
very early in the growing season at La Pérouse Bay. No seeds germinated in the solution 
60% the salinity of ocean seawater and this saiinity was reached in soils from low 
biomass swards of Puccinellia-Carex and at bare ground sites by 27 June, 1994. Satinity 
inhibits germination as a result of both osmotic stress and specific ion toxicity (Ungar 
1978. Ungar 1982, Woodell 1985). Some extremely sait-tolerant species are reputed to 
show "salt-stimulation" where germination is enhanced when seeds are exposed to 
hypersalinity and then placed back in distilled water (Woodeil 1985, Keiffer & Ungar 
1997). Unfortunately, only one seed of S. borealis germinated during the assay (in 5% 
saiinity of seawater sohtion). The low rates of germination of al1 species in deionized 
water or solutions of low salinity may be viewed as a type of bet-hedging in a highly 
unpredictable environment where salinity may increase rapidy in sprïng. This assertion 
assumes that the remaining seeds retain their viability over time. An alternative 
hypothesis is that the cold and fteeze-thaw treatments may be inadequate to break 
dorrnancy and this accounts for the low rates of germination. 
4.43 Establishment 
Whether or not lowering the salinity results in increased establishment aiso depends on 
the assemblage of seeds in the soi1 at a site. For example, watering had the greatest effect 
on the number and biomass of both P. egedii and P. mririma plants in higher biomass 
sites where seeds were most Likely to be trapped by the vegetation. Amelonation of soi1 
conditions will have no effect if propagules are not present at a site as demonstrated by 
the lack of growth in low biomass and bare ground sites. However, high biomass sites 
can also provide much competition for seedlings as they establish. 
Seed/seedling conflicts cm account for the patchy response of dicotyledonous 
plants to the watering treatrnent compared to that of graminoids, which spread chiefly 
through vegetative mechanisrns. Microsites favourable to seed trapping, retention and 
survival may not be favourable to seedling establishment and vice-versa (Schupp 1995, 
Chambers 1995a). The high biomass sites where seeds were more to be found were also 
sites with strong competition from estabiished vegetation. The dominant graminoids 
were responding to a change in an environmental factor, whereas both dispersal and 
changes in microhabitat conditions shaped the establishent patterns of dicotyledonous 
seedlings. 
Irrespective of the magnitude of biotic interactions on seed germination and 
establishment, even moderate salinities are an effective constraint on these processes. 
Aqueous solutions may represent much more dernanding conditions than soi1 systems 
where the adverse effects of salt may be alleviated by the presence of organic matenai. 
Chapter Five: General Discussion 
5.1 Responses of vegetation and sou seed bank to disturbance and stress as a 
function of the We history of plants 
Foraging by lesser snow geese and accompanying changes in edaphic factors exert strong 
influences on the pattern and structure of plant communities at La Pérouse Bay by 
influencing gradients of disturbance and stress on plants (Chapter Tbree). In salt 
marshes, the loss of intertidal and supratidal graminoid swards and the associated 
dicotyledonous species, and the shift towards patches of salt-tolerant annuals and bare 
ground are reflected in the size and composition of the soi1 seed bank. Likewise, on 
beach ndges, loss of the dominant sand-binding grass, Leymus mallis, is associated in this 
habitat with increases in assemblages of "weedy*' species, particularly Matricaria 
ambigu (Table 9). However, many of the ruderal species found in undamaged sites are 
also present in degraded sites. As the large seeds of L mollis (Fig. 6) do not appear to 
contribute to the seed bank (Table 14), the seed bank of damaged plots are similar to 
those of undamaged plots (Fig. 16). The degree and patterns of change in both types of 
habitat can be related to the life-history strategies of the species found in both former and 
present-day communities. 
Stress-tolerant species tend to be long-lived plants that spread through clona1 
growth (Grime 1979). At La Pérouse Bay, salt-marsh vegetation is exposed to stress 
arising from low temperatures, short growing seasons and saline soils. The undamaged 
salt marsh is composed mostly of perennial vegetation. The species with the highest 
cover frequencies, Carex subspathacea, Puccinellia phryganodes, Potentilla egedii and 
Stellaria humifusa (Tables 5-9), are al1 salt-tolerant plants capable of extensive 
s toioni ferous or rhizomatous clonai gro wth. In addition to tiiiering , Puccinef lia 
phryganodes and Carex subspaîhucea can disperse and establish from plant fragments 
including individual leaves, shoot systems and tillers (Chou et al. 1992). In a study 
conducted in salt marshes located on the Gower Peninsula, South Wales (Ungar & 
Woodell 1996), the vegetation was similarly dominated by Puccinellia maritirna, which 
did not form a persistent seed bank. 
The most common species found in the soil seed bank at sites where the 
vegetation is undamaged are RPnunculus cymbalariu, Hi'ppuris spp. and Potentifla egedii 
(Tables 10-14). Seeds of Juncus bufonius, an annual rush, were present in high densities 
at some plots but the distribution was very patchy. These species, with the exception of 
P. egedii, are not very common plants in the vegetation. Of tbese species, only R. 
cymbalaricr (up to 9380 seeds m-2) and Hippurïs spp. (up to 1 160 seeds mv2) were present 
in substantial densities and found in d zones and at ail depths of the salt marsh, although 
they were present at very low frequencies in the vegetation. Therefore, species that are 
characteristic of the undamaged sait marsh spread chiefly through clonai growth and do 
not substantially contribute to the soil seed bank, with the exception of R. cymbolaria. R. 
cymbalaria is present at low frequencies in the vegetation but dominates the seed bank. 
At a salt marsh near Chwchill, Staniforth et al. ( 1998) found very high numbers of 
Juncus bufonius and Spergularia marina in the soil. These two species formed 92% of 
the total seed bank, which had a mean of 39.204 seeds m-'. The diffemnce in the seed- 
bank composition from the sait marshes at La P h u s e  Bay can be attributed to the 
sandier soils and lower salinity (average of log of solute per litre; Griller & Lajzerowicz, 
unpublished data). The salt marsh at Bird Cove is constantly inundateci with tidal water 
and fresh water from streams (Staniforth et al. 1998). bufonius, a species commonly 
found with a large, persistent seed bank (Thompson et al. 1997) is usualiy found in 
disturbed but still undarnaged swards rather than on hypersaline mud flats. Spergularia 
marina was found in small numbers in the soi1 of intertidai, supratidal and inland sait 
marshes at La P6rouse Bay. However, seed germination of S. mariru is more inhibited 
by high salinity than Salicornia europuea (Ungar 1962. Keiffer h Ungar 1997), which is 
very closely related to S. borealis. 
Abiotic factors, such as salinity, wave action and frequent tidai inundation, are 
thought to limit plant distribution in the seaward end of marshes (Bertness 1991a, b). 
The initial colonizer of bare sediments of emerging tidal flats is P. phryganodes (from 
plant fragments) foliowed by C. subspathacea (Jefferies et al. 1979, Handa 1998). Less 
tolerant of salt than P. phryganodes (Srivastava & Jeffenes 1995b), the presence of C. 
subspathacea early in the colonization process is dependent on the availability of fresh 
water or frequent inundation by brackish water. In the deltas of the Mast River and 
Wawao Creek, Hippuris tetraphylla is the initial colonizer of unconsolidated sediments 
(Jefferies et al. 1979). Possessing a heterophyllous leaf, H. tetraphylla is able to swive  
under sustained inundation and is never found in dry areas not subject to tidai inundation 
or flooding fiom streams. In addition to clona1 growth and propagation from severed 
rhizomes, it may also spread as a result of sexuai reproduction as seed production is 
plentiful (E. Chang, personal observation). However, this species is less tolerant of salt 
than the other cornmon species found in the salt-marsh vegetation and the seed bank. 
Salinity and desiccation may lirnit its seed viability and ability of seeds to germinate. 
The colonizers of the salt marsh can be categorized as stress-tolerators on account of the 
build up of saiïnity and the drying out of soiis in summer (sensu Grime 1977). Clonal 
propagation is a common regeneratïon strategy associated with stress-tolerators as 
vegetative offspring stiil attached and sustained by the parent plant suffer low mortality 
rates (Grime 1979). 
P. phrygandes and C. suhpathacea are capable of suwiving under moderate 
rates of disturbance as they regenerate easily from plant fragments (Chou et al. 1992). 
Grazing of the Festuca-Calamagrostis assemblage in the supratidal marsh can lead 
retrogressively to Puccinellia-Carex swards (Hik et al. 1992, Handa 1998). When geese 
crop plants, they may facilitate spread by dispershg plant fragments and opening up 
suitable patches in the intact swards (Chou et al. 1992). However, these two species may 
be sensitive to sustained heavy grazing over a large geographic scale because of the 
absence of seed production in the case of Puccinellia phryganodes and the lack of 
sufficient seed production in Carex subspathucea. In addition, Festuca rubra and 
Calamagrostis deschampsiodes do not spread extensively by clonai growth. Due to the 
overwhelming numbers of geese, a plant survival strategy of escape in time is needed, 
rather than just an escape in space. H. tetraphylla and R. cymbalaria produce sufficient 
seed and they have been found in soils in disturbed habitats around La Pérouse Bay Field 
Station (E. Chang, personal observation). it is interesting to note that Stellaria humifUsa 
was not found in the seed bank but its mcïe nideral relative, S. longipes, was cornmon 
even though the two species have very sirnilar vegetative growth and seed morphologies 
(Chapter Two). 
Patches of Salicornia boretllis and bare ground replace the former plant 
assemblages in the damaged salt marshes of the intertidal, supratidal and inland zone. 
Due to the extrernely high soif sdinity (up to 120 grams of solute per litre) (Iacobelli & 
Jefferies 1991) in these areas late in the growing season and the high rates of soil erosion, 
these salt-tolerant plants dominate both the above-ground vegetation and the seed bank 
below ground (Tables 5-8, 10-13). This species is at the limit of its distribution in 
northem coastal sites in Canada (Wolff & kfferies 1987a b) and its strategy may be 
viewed as king risky as it is an annual plant with an annual seed bank. However, the 
levels of disturbance and environmentai stress are sufficiently high to select strongiy for 
this stress-tolerant ruderai at the exclusion of aimost al1 other plants. Sirnilar to the case 
at La Pérouse Bay, 100% of the seed bank in a heavily grazed salt marsh was composed 
of two salt-tolerant ruderal species, Salicornia europeae (a close relative of S. borealis) 
and Suaeh marifimu in South Wales (Ungar & Woodell 1996). 
Ruderals tend to be short-lived species that spread through sexual reproduction 
(Grime 1979). Regeneration strategies include seasonai colonization of gaps. the 
dispersal of numerous, widely-dispemd seeds and persistence in the soil. As mentioned 
above. most of the vegetation on the beach-ridge sites is composed of ruderals with the 
exception of Leymus mollis. The greater physical abrasion fkom wind, wave and ice 
action combined with the less stable, sandy subsuate produced a more disturbed habitat 
than that of the salt marsh before the arriva1 of the lesser snow goose colony in the mid- 
1950's (Cwke et al. 1995). This explains the high relative abundance of ruderals in the 
vegetation. The species cornmon to both the vegetation and the seed bank are Matricaria 
ambigua, Srellaria iongipes, Ranuncuius cymèalaria, Afriplex patula and Spergularia 
marina. R. cymbaloria had the highest relative abundance in the vegetation on the beach 
ridge foliowed by the exclosures in the intertidal marsti on the western coast of the Bay 
and the inland marsh. It is a species witb wide ecologicd amplitude and its presence in 
the seed bank is ubiquitous. 
Possessing a pappus, S. congestus is a widely dispersed biennial plant (Chapter 
Four). Cornmon in disturûed sites, it can tolerate at least intermediate levels of salinity. 
The distribution of Senecio congestus seeds was probably due to the entrapment and 
retention properties of the sites. Although it was found most frequently in the vegetation 
of degraded intertidal sites on the westem coast of La Pdrouse Bay, its highest density in 
the soil was under undamaged plots on the western coitst of the Bay and under beach- 
ridge piots. The dense vegetation of the exclosures on the westem coast of the Bay and 
on undamaged beach-ridge sites, and the larger particle size of the sandy soils on the 
beach ridge help to trap and retain these larger seeds (Fig. 6). The accumulation of seeds 
in the sandy, beacb-ridge soils, in general, was facilitated by the larger particle size as 
this allows for entrapment of larger seeds (Chambers 1995b) and greater ease in vertical 
movement down the soil column (Charnùers & MacMahon 1994). Senecio congestus 
was also common in both soils of a disturbed sand bar and salt marsh near Churchill 
(Staniforth et al. 1998). 
Similar shifts in species composition frorn long-lived stress-tolerant species that 
propagate through vegetative mechanisms to short-lived. ruderal species that f o m  sced 
banks as a response to disturbance have been shown in saft marshes (Hopkins & Parker 
1984, Ungar & Woodell 1996). subarctic coastal habitats (Staniforth et al. 1998) and 
arctic and alpine systems (Frredman et al. 1982. Chambers 1993). 
5.2 Constdnts imposled by disturbance and stress on the seed bank dyrirrmics 
Constraints on seed bank and vegetation processes in the supraidal salt marsb, thaî are 
Iinked to grubbing and grazing by larger nunibers of lesser snow geese and 
accompanying changes in the soil, will be discussed using the mode1 of seed bank and 
vegetation dynamics shown in the introduction (Fig. 24). These constraints can occur at 
every life-history stage h m  growth of the plant and production of seeds to recniitment 
of seeâiings back into the vegetation. In degraded systems, the rates of disturbance and 
stress character of "gaps" are so severe that the range of viable strategies utilized in such 
an environment available to plants are severely curtailed. The number of successful 
"regeneration niches" decreases steeply as very few species can produce viable seeds, 
disperse those seeds, have those seeds genninate and establish successfuiiy under the 
environmentai conditions. 
(A) Vegetative propagation 
The local extinction of vegetation caused by combined high disturbance and high stress 
precludes the possibility of local vegetative propagation. Even before the onset of 
vegetation loss and soil degradation, grazing by lesser snow geese decreased the number 
of stolons produced by Ranunculur cymbalaria and number of ratnets produced by R. 
cymbalaria and Potentilia egedii (Sadul 1987). In addition, growth of axillary shoots or 
anached tillers for the two dominant species, Puccineliia phrygmodcs and Carex 
subspathacea, decreased in response to increased salinity before the growth of main 




Figure 24. General mode1 of seed bank and vegetation dynamics. A to F refer to stages 
that will be M e r  discussed in the text. Modified fiom Simpson et al. (1 989). 
nonessential functions. such as expansion of a clone or dispersal of vegetative 
propagules, and as such. they may be inhibited before the death of the plant. 
(B) Input of vegetative dispersal units 
The dispersal range of clonal propagule units is generally more limited than that which is 
possible from seed dispersal as many vegetative (clonal) offspring remain attached to the 
parent plant and plant fragments do not survive for long in the absence of suitable habitat. 
The fragments do not have the ability to withstand or escape in time from stressful 
conditions unlike many seeds. Although grazuig by geese can facilitate dispersal of 
fragments (Chou et al. 1992), the conditions of establishment are very poor in highly 
degraded sites. In inland marshes, revegetation of C. subspathcea was not observed in 
exclosures set up in 1984, except under the exclosure wire where litter had accumulated. 
In ex perimen ta1 studies , which involved soi1 amelioration, success of C. subspatizucea 
transplants was very low because of poor edaphic conditions (Handa 1998). In contrast, 
vegetation has established in al1 eight exclosures set up on the tidal Bats in brackish 
locations on the western shore of La Pérouse Bay in 1992. Io addition, assisted 
revegetation trials resulted in the establishment of complete swards of P. phryganedes 
wittiin two years in some exclosures, although the success of revegetation was highly 
patchy (Handa 1998) reflecting the marked spatiai heterogeneity of edaphic conditions at 
the microscale (c l  m2). 
(C) Seed production, predaion and 1 0 4  seed main 
Sustained grazing may have a detrimental effect on seed production as flowenng and 
fmiting are much higher in sites proteeteci h m  herbivore grazing for most species 
(geese; Bazely & Jefferies 1986, musk oxen; Mulder & Harmsen 1995). Geese at La 
Pérouse Bay have been observed to eat seed heads of Potentilla egedii, Pfantago 
juncoides, k y m w  mollis, Hippuris tetraphyfla and P o t a m o g e ~  fif&4ormis. Lack of 
prehtion may also explain the greater survivd of seeds of Ranmculus cymbalaria in the 
soil compared with other species, as most buttercups are poisonous. Other predators that 
have been observed consuming seeds at La Pérouse Bay include passerines and 
shorebirds (Vacek 1999). Seed fragments of Potentilla egedii, similar to those retrieved 
from the soil while sampiîng for the seed bank, were found at a site where a granivore, 
most likely a passerine. had been feeding in 1998 (E. Chang, personal observation). As 
the density of these seed fragments was far greater than the density of viable seeds found 
in the soil, regeneration from seed by P. egedii may be detrirnentally affected by seed 
predators. 
Predispersal granivory has been shown to decrease seed pool in numerous studies 
(Bertness et al. 1987, Kjellsson 1985, Klinkhamer & de Jong 1989, Schupp 1988, Greig 
1993, Windus & Snow 1993, Sperens 1997). However, whether granivores actuaiiy limit 
plant establishment is increasingly debated (Andersen 1989, Crawley 1989, 1990, 1992, 
Louda 1994, Louda & Potvin 1995, Maron & Simms 1997). If plant populations are 
limited by "safe sites" rather than seed availability, seedling recruitrnent is constrained by 
the number of suitable microsites rather than seed density and the effect of seed 
consumers on plant populations would be minimal. However, see discussion on this 
issue in Chapter Four. 
@) Immigration of seeds 
In the supratidal salt marsh at La Pérouse Bay, the vegetation and the seed bank were 
generally more similar in composition than the vegetation and the seed rain. The high 
dispersability of some species, due to wind or water, brought in the seeds of species not 
present loçally in the above ground vegetation (e.g. Betula glandulosa, Myrica gale, 
Sarifraga hirculus, Hippuris spp., Carex aquatilis, Potamogeton filiformis, and f otentilZa 
palusrris). However, there were no systematic differences in seed composition between 
the seed rain collected in undamaged and degrded sites (Chapter Four). Many of the 
species immigrating to the site were either fresh-water species that would not establish in 
the salt marsh (e-g. Betula glandulosa, Myrica gale, Carex aquatilis, Potamogeton 
filifomis) or ruderal species indicative of degradation (e. g. Senecio congestus, Salicornia 
borealis). 
Long-distance transport of seeds by wind or water (tides; Huiskes et al. 1995, 
flooded river water, Skoglund 1990) has been demonstrated in many studies (Howe and 
Smallwood 1982, van der Pijl 1982, Murray 1986). However, as in the previous section, 
the importance of dispersal in regulaîing patterns of plant distribution must be assessed in 
relation to the availability of "safe sites" and stage-specific mortahy of plants (Houle 
1995). After seeds are dispersed to a site, the actual recruitrnent of plants is regulated by 
a series of abiotic and biotic factors fiom the seed to adult stage (Houle 1996). 
(E) Entrapment and retention of seeds 
The texture of the soil surface and diaspore morphology have been shown to have a 
signifiçant effect on the entrapment of seeds. A study conducted in a disturbed alpine 
system in Montana showed that the total number of seeds trapped and vertical movement 
in the soil colurnn increased with increasing particle size until a threshold soil particle 
size was reached (Chambers et al. 199 1 ). More numerous small seeds were trapped by 
small soi1 particle sizes than large particle sizes. 
Vegetation patches have been shown to considerably enhance the entrapment of 
diaspores in windy, arid habitats (Nelson & Chew 1977), high-alpine sites (Chambers et 
al. 1991, Chambers 199Sa, b, Urbanska 1994a, b, 1995a, b) and subarctic/arctic tundra 
(Urganska 1997% b) (as reviewed by Urbanska 1997~). An interesting aspect of this 
"nurse" phenornenon in the Arctic is the widespread observation of crytograms in this 
function (Urbanska 1997~). The lack of a vegetation template, the compacted soil and 
the hardened algal cmst restrict seed entraprnent in areas witb degraded soils at La 
Pkrouse Bay. In addition. seeds on the surface of the soi1 or just beneath may be 
redispersed dunng spnng melt (Chambers & MacMahon 1994) as the strong flood 
currents cause soi1 erosion. 
(F) Germination of seeàs 
The germination of most species was inhibited by sahi ty  around 6.7 g of dissolved 
solutes per litre, which is much lower than that commonly found in the edaphic 
conditions in the salt marsh. Seed germination of even halophytes is often depresseci by 
exposure to high salinity (Ungar 1978. Woodell 1985, Keiffer & Ungar 1997). However, 
halophytes differ from glycophytes in that they can rccover once they are exposeci to less 
saline conditions. Thereforc, hypersaiinïty may not only act as a constraint at the 
germination stage per se but also differentially affect the survival of seeds in the soil. 
Observation in the field at La Perouse Bay indicated that only salt-tolerant ruderais 
characteristic of depded sites show high rates of germination in highly saline soils (e.g. 
Salicornia borealis) . 
(G) Establishment 
Ameliorating habitai conditions by adding fresh river water to turfs did not always result 
in higher rates of establishment of seedlings. AU the constraining processes prior to this 
stage act to decrease the success of seediing establishment. However, soil ameiïoration 
over a longer period of time than one growing season may result in p a t e r  success. 
Some exclosures that were set up on the tidai flats on the eitstern shore of the Bay and 
planted with P. phryganodes in an organic mulch to which nutrients were added, spread 
rapidly and the new swards have been colonized by dicotyledonous species within two 
years (Handa 1998). Untii recently. the role of dispersai processes in deteminhg 
pattems in plant distribution and species richness have been largely ignored in favour of 
establishment conditions (van der Pijl 1982, Murray 1986, Femer 1993). However, the 
dispersal of seeds may become iimited in habitats increasingiy fragmented through 
human land-use patterns (Poschiod & Bonn 1998). Degraded sites occur in moderate 
proxirnity to undamageci sites ai La Pbrouse Bay at present. As the scale of disturbance 
increases, revegetation wiii eventuaüy become limited by secd availability. 
5.3 Application of statisticai methods to shidies of seed b h  
As noted befon, the distribution of seeds in the soii is rarely normal. The highly skewed 
nature of the data and the high incidence of zero values preclude the use of 
transformations, even y=log(x+l). During the course of this study, 1 found generalized 
linear models (Crosbie & Hinch 1985) dificult to apply as the distribution of much of the 
data was unknown and was subsequently shown to deviate significandy from Poisson and 
negative binomial distributions. Unlike ANOVA, where tests can be conducted on the 
normality and homogeneity of variance of the data, it is difficult to rigorously test the 
suitabiIity of a mode1 and the underlying distribution. In many cases, nonparametric 
methods were used to test for main effects in lieu of generalized linear models. 
5.4 The potential role of seed sources in revegetation at La Pérouse Bay 
Handa's (1998) study of the potential for revegetation at La Pérouse Bay concluded that 
if goose populations were controlled, revegetation of the dominant graminoids was 
possible in younger. intertidal marshes as long as sources of dispeaules remained. but 
would be extremely difficult in older marshes where vegetation had been absent for a 
nurnber of years. Once a graminoid template can be established, revegetation h m  the 
relict seed bank of former salt-marsh plants in the more recently degraded areas 
(intertidal plots on the West coast of the Bay, some supratidal plots) is possible. Due to 
the open habitat and wind and water movernent, seeds of some species are also capable of 
dispersai on the scde of kilometers. Sites on the eastem coast of the Bay may receive 
seed from tidal inundation and from the fnnge of willow shmbs to the east. However, 
establishment conditions may be too p r  in this area to support revegetation without 
amelioration of soil conditions. Mulching, in addition to l o w e ~ g  salinit. and retaining 
water c m  also help in trapping and retaining seeds and plant fragments (Chambers & 
MacMahon 1994). Obtaining, applying and anchoring mulch on such a large sale would 
be very expensive and laborious. 
In accordance with Handa's study, revegetation from seed sources in the inland 
marshes would be unlikely. The loss of vegetation and soil degradation has occurred on 
such a large sale  and for a long p e n d  of time that even exclosed areas with apparently 
high seed production do not accumulate seeds. The only species present in the seed bank 
in any quantity are S. borealis and J. bufonius, two opportunistic species. The S. borealis 
assemblage represents a "lost sere" as it does not accumulate sufficient litter and cannot 
facilitate colonization by other species at least over ecological time (cl5 years). Each 
year, plant litter from stands of this annual is blown or washed away exposing the mineral 
substrate. 
Many studies on the revegetation potential h m  natural seed sources have 
indicôted that revegetation may be d=cult. Limitations in revegetation potential posed 
by the dominance of the seed baak by "weedy" species in disturbed habitats as weil as the 
transient or short-term persistent nature of seeds of target communities (i.e. communities 
present before disturbance) have been noted in grasslands (Kinucan & Smeins 1992, 
Bakker et al. 1996b Hutchings & Booth 1996, Pyweli et al. 1997, Bakker & Berendse 
1999) and dry tropical ecosysterns (Skoglund 1992). The "weedy" syndrome of seeds 
found in disturbed soils has also been found in arctic and alpine sites (Freedman et al. 
1982, Chambers 1993) and wetiands (Wisheu & Keddy 199 1 ,Ungar & Woodell 1996, 
Staniforth er al. 1998). In a review on European grasslands and heathlands, Bakker & 
Berendse (1999) state that many species of interest in restoration projects are not present 
in the soi1 seed bank and have lirnited ranges of dispersal. This is not surprising as the 
high levels of stress and disturbance in degraded habitats select for the survival and 
persistence of species with ruderal or stress-toierant ruderal life strategies. Regeneration 
through persistent seed banks and numerous, widely dispersed seeds is characteristic of 
ruderal species. In other words, if species possess persistent seed banks or widely 
dispersed seeds, we would not likeiy be faced with situations where their revegetation 
potential must be assessed. 
In addition to ascertainhg presence in the seed bank and seed rain, studies of 
revegetation potential must also consider the effect of abiotic factors on later stages in the 
life-history of plants (Houle 1995. 1996). Rins et al. (1998) deveioped a mode1 to assess 
the feasibility of habitat restoration incorporating data on past and present distributions of 
plants and seeds, and probabilities of germination from the seed bank, dispersal and 
establishment. Their assessrnent concluded that 50% or even more of target plant species 
(species characteristic of former natural communities) would not appear in target areas 
(disturbed habitats) in the Netherlands within a period of 100 years. A regeneration 
index, developed by Bekker et al. (1997). showed that sites with a short history of abiotic 
change or biodiversity degradation are likel y to be most worthwhile for restoration 
purposes. 
Most species under threat of local extinction, as a consequence of human 
activities, do not have life strategies that incorporate long-tenn survival of seeds in the 
soi1 or sumcient dispersal of seeds over space. The probability of restoring these species 
from extant seed sources decreases with the passage of time and the practice of 
introducing species to habits is currentiy under heated debate (van Groenendael et al. 
1998). Revegetation of vast areas, such as the Hudson Bay lowlands, through 
introduction of species and intense management would be very dificult. As such, 
management practices shouid aim at reinstating suitable habitats for the establishment of 
species while regeneration from natud sources is still tenable. 
Appendk 1. Character üst for the DELTA database 
Seeà Shape MotMers 
# 1. Wings or margin 
1 .  present (must be persistent e.g. Betula glandulosa) 
2. absent 
#2. Style (beak) (short style i s  often refentd to as a beak) 
1 .  present (must be persistent e.g. Triglochin maririmum) 
2. absent 
#3. Bracts (bracts are modified leaves, not a part of the actual seed (small fmit) unlike margins or 
wings) 
1 .  present (must be persistent e.g. Myricu gale) 
2. absent 
W. Hairs (includes awns and pappuses) 
1 .  short hairs present ( les than a quarter of the seed length) 
2. long hairs present (longer than half the length o f  the seed) 
3. absent but indication of hair anachment (e.g. pappus rim) 
4. absent 
Seed Dimensions 
#S. Length of seed (small fruit) (ENTER AS A RANGE; measured from base (hilum) to apex; 
includes persistent style. wings and bracts. excludes hairs and awns) 
#6. Width of seed (small fnut) (ENTER AS A RANGE; measured patest width 90 degrees to 
length, includes persistent wings and bracts, excludes hairs and awns) 
Seed Shapes 
#7. Planar seed (small fruit) shape (overall shape of seed excluding wings. 
style and hairs; base is positioned at the hilum) 









#8. Cross-sectional seed (small fruit) shape 








#9. Network on seed (small fruit) surface 
1. areolate (surface is smooth but marked with a network e.g. Menyanthes 
trgoliata) 
2. re ticulate (e-g. Parnassia palustris) 
3. absent 
#IO. Elevations on seed (small fmit) surface 
1. granulate (e.g. Saxifraga caespitosa) 
2. tuberculate (wart-like projections e.g. Carex consimilis) 
3. aculeate (pnckiy or spine-like projections) 
4. pusticdate (low projection Like a blister or pimple e.g. Gentiam propinqua) 
5. colliculate (rounded or hilioçk-like elevations e.g. Carex subspathacea) 
6 .  absent 
# I l .  Lines on seed (small fruit) surface 
1. Lineate (marked by fine paralle1 lines e.g. Hordeuni jubatum) 
2. sulcate (hrrowed or grooved e.g. RanuncuZw aquotilis) 
3. ribbed (e-g. Senecio pauperculus) 
4. wrinkles 
5 .  absent 
#12. Orientation of lines on seed (smaii fniit) surface 
1. longitudinal 
2. transverse 
#13. Porous texture to seed (srnall fiuit) surface 
1. present (e.g. Arctostaphylos alpina) 
2. absent 
Biogeography 
# 14. Geographical distribution <delimited by minimal distributioa> 
1. cosmopolitan 
2- circumpolar 
3. Amphi-Atlantic (occurring on both sides of the Atlantic Ocean but lacking on the Pacific 
side of the globe) 
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side of the globe) 
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6. Asia (does not necessarily occur on entire continent) 
7. Europe (does not necessarily occur on entire continent) 
# 15. Geographical Distribution: North America 
1. eastern 
2. north-western 
3. Western Hudson Bay 
4. Mackenzie River delta 
# 16. Geographical Distribution: Europe 
1. northem 
2. north-western 
#17. Geographical Distribution: Asia 
1. eastern 
2. north-eastern 
3. eastern Siberia 
# 1 8. Eco-Region 
1. arc tic 
2. high arctic 





Soil Seed Bank Ecology 
#I9. Soil seed bank (1 997, 1998 sampling in La Pérouse Bay salt marshes) 
1. present 
2. absent 
#20. Growing season seed min (1997, 1998 sampling at La Pérouse Bay sait marshes) 
1 .  present 
2. absent 
#2 1.  Spring melt seed rain ( 1997, 1998 sampling in La Pérouse Bay sait marshes) 
1 .  present 
2. absent 
#22. Adult vegetation (1997, 1998 s w e y s  in La Ptrouse Bay salt marshes) 
1. present 
2. absent 
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